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Resumo 
 
Catharanthus roseus acumula os alcalóides terpenóides indólicos (TIAs) vincristina e 
vinblastina amplamente utilizados como fármacos nos tratamentos de quimioterapia do 
cancro. A baixa abundância destes compostos na planta, a par da sua importância 
farmacológica, tornaram C. roseus numa das plantas medicinais mais estudadas. Até 
à data, as folhas desta planta continuam a ser a única fonte dos TIAs 
anticancerígenos, uma vez que os esforços para a síntese química ou produção in 
vitro de quantidades adequadas para efeitos de produção industrial se têm revelado 
infrutíferos. 
 
Atualmente conhece-se bastante sobre o processo de biosíntese dos TIAs, mas a 
existência de muitos passos enzimáticos e a alta compartimentalização do processo, 
envolvendo diferentes tipos de células e diversos organelos no seu interior, constitui 
um desafio às iniciativas de manipulação desta via biosintética. Uma das áreas 
emergentes na investigação do metabolismo dos TIAs em C. roseus é o estudo dos 
mecanismos e dos mediadores dos passos de transporte que o alto nível de 
compartimentalização da via implica. Investigações recentes ao nível da mobilidade de 
metabolitos secundários identificaram os transportadores das famílias “multidrug and 
toxic compound extrusion” (MATE) e “ATP-binding cassette” (ABC) como fortes 
candidatos ao desempenho dos diversos tipos de transporte transmembranar destes 
metabolitos.  
 
Os transportadores MATE são antiportadores de Na+ ou de H+ compostos por 12 
hélices transmembranares e constituídos por aproximadamente 400-550 resíduos de 
aminoácidos. Inicialmente associados à resistência multifármaco, estes 
transportadores têm mostrado uma elevada versatilidade, com particular destaque 
para as plantas, onde se observou, nomeadamente, que alguns MATE desempenham 
um papel importante no transporte de alcalóides. Por sua vez, as proteínas ABC são 
transportadores primários que utilizam a energia libertada na hidrólise do ATP para 
conduzir o transporte transmembranar do substrato. Elas constituem uma das maiores 
famílias de proteínas e a sua presença aparenta ser ubíqua. A participação dos 
transportadores ABC em diversos processos celulares, incluindo o transporte de 
alcalóides, tem sido demonstrada. 
 
II FCUP 
Cloning and characterization of transporter genes potentially involved in the transmembrane transport of the 
alkaloids from the medicinal plant Catharanthus roseus (L.) G. Don. 
No presente trabalho, os genes de dois transportadores MATE (MATE1 e MATE2), 
identificados como aqueles que possuem maior similaridade com o transportador de 
nicotina Nt-JAT1, e o gene de um transportador ABCC (ABCC1), sobreexpresso em 
células especializadas na acumulação de alcalóides nas folhas de C. roseus, foram 
isolados, clonados, e a localização subcelular das proteínas que estes genes 
codificam foi analisada. De forma complementar, foi prevista a estrutura secundária 
das proteínas, e avaliada a presença de algumas características, tais como 
assinaturas e domínios.   
 
Devido às características dos respectivos transcritos, o isolamento e clonagem dos 
três transportadores exigiu uma otimização extrema das condições de amplificação por 
PCR, ligação ao vetor, e estirpe de E.coli utilizada para clonagem, que foi finalmente 
conseguida com sucesso. A topologia prevista para as três proteínas, utilizando as 
sequências obtidas após clonagem, permitiu consolidar a sua classificação. Os 
transportadores MATE possuem 12 domínios transmembranares e foram identificados 
os 9 resíduos de aminoácidos que constituem o local de ligação do catião. A estrutura 
do ABCC1 corresponde a um transportador ABC completo, na direção “forward”, com 
um domínio transmembranar adicional na região N-terminal que atravessa 5 vezes a 
membrana. Esta topologia é típica da subfamília C das proteínas ABC.   
 
Das experiências realizadas ao nível da localização subcelular, tanto in silico como 
através da transformação de protoplastos do mesófilo de C. roseus com fusões com a 
proteína fluorescente verde (GFP), despreende-se que há uma probabilidade muito 
elevada dos transportadores MATE1 e MATE2 se encontrarem localizados na 
membrana plasmática. Em oposição, tendo como base de análise os estudos 
efetuados anteriormente ao nível do transcriptómica e proteómica, o transportador 
ABCC1 afigura-se estar localizado no tonoplasto dos idioblastos, células 
especializadas na acumulação dos TIAs. 
 
Palavras-Chave: Catharanthus roseus, alcalóides terpenóides indólicos, transporte 
transmembranar, transportadores MATE, transportadores ABC, estratégias de 
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Abstract 
 
Catharanthus roseus accumulates the dimeric terpenoid indole alkaloids (TIAs) 
vincristine and vinblastine, widely used as drugs in cancer chemotherapy. The low 
abundance of these compounds in the plant, together with their pharmacological 
importance, have turned C. roseus one of the most studied medicinal plants. To date, 
the leaves of the plant remain as the only source of the anticancer TIAs, since efforts to 
obtain the chemical synthesis or in vitro production of suitable amounts for industrial 
production have been unfruitful.  
 
Currently, much is known about the biosynthetic pathways of TIAs, but the existence of 
many enzymatic steps and the high compartmentalization of the process, involving 
different types of cells and different organelles, are a challenge for bioengineering 
initiatives. One of the emerging fields in TIAs/C. roseus research is the study of the 
mechanisms and mediators of the transport steps that the high compartmentalization of 
the TIA pathway implies. Recent approaches in the mobility of secondary metabolites 
identified the multidrug and toxic compound extrusion (MATE) and the ATP-binding 
cassette (ABC) transporter families as strong candidates for the different types of 
transmembrane transport of these metabolites.  
 
MATE transporters are Na+ or H+ antiports composed by 12 transmembrane helices 
and constituted by approximately 400-550 amino acid residues. Initially associated with 
multidrug resistance, these transporters have shown a high versatility, especially in 
plants, where it has been observed, namely, that some MATEs have important roles in 
alkaloid transport. In turn, the ABC proteins are primary transporters that use the 
energy liberated in the hydrolysis of ATP to drive the transmembrane transport of the 
substrate. They constitute one of the largest families of proteins and their presence 
seems to be ubiquitous. The participation of these proteins in diverse cellular 
processes, including transport of alkaloids, has been demonstrated. 
 
In this work, the genes of two MATE transporters (MATE1 and MATE2), identified as 
the ones depicting highest similarity with the nicotine transporter Nt-JAT1, and the 
gene of one ABCC transporter (ABCC1), up-regulated in cells specialized in alkaloid 
accumulation in C. roseus leaves, were isolated, cloned, and the subcellular 
localization of the codified proteins was analyzed. In parallel, the secondary structure of 
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the proteins was also predicted, and the presence of some features such as signatures 
and domains was evaluated. 
 
Due to the features of the respective transcripts, the isolation and cloning of the three 
transporters has demanded an extreme optimization of the conditions for PCR 
amplification, vector ligation and E. coli strain used for cloning, which was finally 
achieved with success. Using the sequences obtained, the predicted topology of the 
three proteins enabled to consolidate their classification. The MATE transporters have 
12 transmembrane domains and the 9 amino acid residues constituting the cation 
binding site were identified. The structure of ABCC1 corresponds to that of a full-size 
ABC transporter in the forward direction with an additional transmembrane domain 
constituted by 5 spans, in the N- terminus. This topology is characteristic from the ABC 
subfamily C. 
 
From subcellular localization experiments, both in silico and through C. roseus 
mesophyll protoplasts transformation with GFP fusions, it may be concluded that there 
is a high probability for MATE1 and MATE2 to be localized in the plasma membrane. In 
contrast, from previous transcriptomic and proteomic studies, the ABCC1 transporter 
seems to be localized in the tonoplast of the TIAs accumulating idioblasts. 
 
Keywords: Catharanthus roseus, terpenoid indole alkaloids, transmembrane transport, 
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Introduction 
 
It is well known that plants produce and accumulate a plethora of secondary 
compounds that play a central role in their adaptation to the environment (Bourgaud et 
al., 2001). These compounds have been described as being able to protect plants from 
pathogens, to have an anti-germinative or toxic effect on other plants, to prevent leaf 
damage from UV light since some of them are UV absorbing compounds, and to act 
deleteriously on animals, such as insects or even cattle (Bourgaud et al., 2001). 
Because of their physiological activity in animals, possibly as a consequence of their 
defense role against herbivorous, some of these chemicals also display therapeutic 
properties, and have been used during centuries by traditional medicine (Bourgaud et 
al., 2001; Moses et al., 2013). With the isolation of morphine from opium poppy, it was 
demonstrated for the first time that the pharmacological action of a plant could be 
attributed to a single chemical compound, and further technical advances led to the 
rapid isolation of one active principle after another (Hartmann, 2007). In planta, the 
storage of these molecules is regulated in a fine-tune fashion to avoid self-toxicity, 
usually occurring in specific cells or organs and almost exclusively in the vacuole, at 
the subcellular level (Martinoia et al., 2012; Yazaki et al., 2008). 
 
Research on the biosynthetic pathways of different secondary metabolites coincides in 
the existence of intra-cellular, inter-cellular and even inter-tissue mobility of the 
compounds. For instance, nicotine – an alkaloid from tobacco – is synthesized in the 
roots and then translocated to the leaves, where it is accumulated inside the vacuoles 
of mesophyll cells (Hashimoto & Yamada, 2003). Such translocation involves at least 
three membrane transport steps: out of the root cells, into the leaf cells, and into the 
vacuole (Fig. 1). The transporters responsible for these transmembrane transport steps 
can be classified according to the energy source that they use to generate movement 
across the membrane: i) those performing primary transport hydrolyze ATP – such as 
the ATP-binding cassette (ABC) transporters, and ii) those performing secondary 
transport – the most usual mechanism for import and export in the vacuoles – use the 
electrochemical gradients generated by proton pumps (Martinoia et al., 2012; Yazaki et 
al., 2008). The major candidates as mediators for the transport of secondary 
metabolites in plants belong to the multidrug and toxic compound extrusion (MATE) 
transporters or to the ABC family (Martinoia et al., 2012). When compared to the 
knowledge on the biosynthesis of the secondary compounds, the information about 
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their import/export is scarce, since only recently the first reports on the characterization 
of the transporters of secondary compounds have appeared (Martinoia et al., 2012). 
However, the efforts to engineer and improve the production of these valuable plant 
products must consider the importance of their transmembrane transport for the final 




Fig. 1– Model of nicotine translocation in Nicotiana species. After biosynthesis nicotine is translocated to 
the leaves via the xylem, and is accumulated in the vacuoles of leaves to function as a defensive toxin 
against insects and herbivores. Adapted from Yazaki et al. (2008). 
 
1. The medicinal plant Catharanthus roseus  
 
Catharanthus roseus is a perennial semi-shrub known as the Madagascar periwinkle, 
widely used as an ornamental species (Fig. 2). Intense research on this plant arose as 
a consequence of its utility as medicinal plant, since C. roseus produces and 
accumulates in different organs secondary metabolites belonging to the terpenoid 
indole alkaloids (TIAs) subfamily, some of them with important pharmaceutical 
properties. Within this large group (about 130 isolated compounds from this plant) are 
vincristine and vinblastine, molecules widely used as drugs for cancer chemotherapy, 
and ajmalicine, used as anti-hypertensive (Mahroug et al., 2007; van Der Heijden et al., 
2004). C. roseus stores low levels of these compounds, making the yield of the 
extraction process to be very low; i.e. around 0.0005% dry weight for vinblastine (van 
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Der Heijden et al., 2004). The high cost and difficulty in obtaining the medicinal TIAs 
are worsened by the fact that, to date, C. roseus leaves remain the only source of 
vincristine and vinblastine, since efforts to improve the yield of their production in vitro 
have been unfruitful (Pomahacova et al., 2009), and chemical synthesis is unfeasible. 
This situation is the consequence of a highly complex and tightly regulated biosynthetic 
pathway. 
 
Fig. 2 – Catharanthus roseus (L.) G. Don. 
 
2. The terpenoid indole alkaloid (TIA) pathway 
 
Alkaloids are a large group of secondary metabolites of low molecular weight 
containing nitrogen, that share a characteristic toxicity and pharmacological activity (De 
Luca & St Pierre, 2000). About 20% of plant species accumulate these compounds and 
over 12000 different alkaloids have been described (De Luca & St Pierre, 2000; 
Facchini & De Luca, 2008). The C. roseus alkaloids that have been identified share 
several biosynthetic steps. The whole process is usually divided into two parts: i) in the 
early steps, geraniol and L-tryptophan are transformed into secologanine and 
tryptamine, respectively, which are condensed by strictosidine synthase (STR) to 
produce strictosidine (Fig. 3), the key intermediate in the production of all TIAs, ii) after 
strictosidine, the TIA pathway branches to generate all the diverse TIAs produced by 
several plants (Fig. 4) (El-Sayed & Verpoorte, 2007; Sottomayor et al., 2004). Among 
the branches that split from strictosidine are a short one leading to ajmalicine, and two 
long leading to vindoline and catharanthine. These two, which are the most abundant 
alkaloids in C. roseus leaves, are condensed by the class III peroxidase Prx1 to 
produce α-3’,4’-anhydrovinblastine, the precursor of all dimeric TIAs such as vincristine 
and vinblastine (Costa et al., 2008; Sottomayor et al., 2004; Sottomayor et al., 1998).  
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Fig. 3 – Early steps of TIA biosynthesis including the envolved enzymes (circles). Enzymes indicated with 
closed circles have been cloned. Dashed lines indicate several steps and solid lines single steps. Adapted 
from van Der Heijden et al. (2004). 
The complete process is highly complex; for instance, the biosynthesis of vinblastine 
requires at least 35 intermediates, 30 enzymes, 2 regulatory genes and 7 intra and 
intercellular compartments (van Der Heijden et al., 2004). Such complexity derives 
from tight spatial and temporal regulation of the alkaloids production. From 
immunocytochemistry and in situ RNA hybridization analysis, a model involving three 
types of cells in the aerial parts of C. roseus was predicted for TIA biosynthesis, 
namely, the epidermis, the internal phloem-associated parenchyma (IPAP), and the 
specialized laticifers and idioblasts, each specifically expressing different genes of the 
pathway (St-Pierre et al., 1999). Together with the inter-cellular compartmentalization, 
it has been shown that several subcellular compartments are also implied in the 




Cloning and characterization of transporter genes potentially involved in the transmembrane transport of the 
alkaloids from the medicinal plant Catharanthus roseus (L.) G. Don. 
biosynthesis of the TIAs, namely, the cytosol, the plastids, the vacuole, the 
endoplasmic reticulum and the nucleus (Verma et al., 2012) (Fig. 5).  
 
Fig. 4 – Late steps of TIA biosynthesis in C. roseus. Solid lines indicate single (enzymatic) steps and 
dashed lines indicate that the pathway is not exactly known. Adapted from van Der Heijden et al. (2004). 
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Fig. 5 – Compartmentalization of the biosynthetic pathway of terpenoid indole alkaloids in C. roseus. 
G10H: geraniol 10-hydroxylase; SLS: secologanin synthase; TDC: tryptophan decarboxylase; STR: 
strictosidine synthase; SGD: strictosidine β-D-glucosidade; T16H: tabersonine 16-hydroxylase; OMT: S-
adenosyl - L-methionine : 16-hydroxytabersonine - 16-O-methyltransferase; NMT: S-adenosyl - L-
methionine : 16-methoxy - 2,3-dihydro-3- hydroxytabersonine - N-methyltransferase; D4H: desacetoxy 
vindoline 4-hydroxylase; DAT: acetylcoenzyme A : 4- O-deacetylvindoline 4-O-acetyltransferase; PRX: 
peroxidase. Adapted from Sottomayor and Ros-Barceló (2006). 
Experiments using chemical indicators identified laticifers and “specialized parenchyma 
cells”, defined later as idioblasts (Fig. 6), as the sites of alkaloid accumulation in C. 
roseus (Yoder & Mahlberg, 1976). Later studies revealed some special features of the 
idioblasts, for instance, their autofluorescence is blue due to the alkaloid serpentine 
accumulated in the vacuole, they are randomly distributed throughout the mesophyll, 
and the expression of DAT and D4H, the enzymes that catalyse the 2 last steps of 
vindoline biosynthesis, was specifically detected in these cells (St-Pierre et al., 1999). 
The unique characteristics of the idioblasts seem to be related to a specific function: to 
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accommodate and sequester the toxic dimers that could interfere with normal cellular 
processes (St-Pierre et al., 1999).  
 
 
Fig. 6 – Different aspects of C.roseus leaves. A, Fully developed leaf. B Epifluorescence microscopy 
image of the adaxial face of a whole mounted leaf. C, Bright field image of mesophyll protoplasts, in set - 
image in colour. D, Confocal microscopy image of C. The blue fluorescence is due to the alkaloid 
serpentine and reveals the idioblasts. Red fluorescence is due to chlorophyll and reveals chloroplasts. 
Bars = 1 cm (A), 50 µm (B) and 30 µm (D). Adapted from Carqueijeiro et al. (In preparation). 
 
Currently, among the challenging aspects to be elucidated in TIA metabolism are the 
mechanisms and the proteins involved in the transmembrane transport and organelle 
sequestration of the alkaloids and their intermediates, poorly understood so far (Verma 
et al., 2012; Ziegler & Facchini, 2008). As for other secondary metabolites, the major 
candidates are MATE transporters and ABC proteins. 
 
3. MATE transporters in plants 
 
The first multidrug and toxic compound extrusion (MATE) transporter was identified in 
Vibrio parahaemolyticus as a novel multidrug transporter denoted as NorM (Morita, Y. 
et al., 1998). Although initially classified into an already existent family of transporters 
(the MFS), soon after the characterization of NorM Brown et al. (1999) reported that its 
sequence did not share any similarity with the MFS members and did not have any of 
the characteristic signatures, and reclassified NorM into a new group, the MATE family. 
All MATE proteins share near to 40% sequence similarity despite no apparent 
consensus sequence is conserved, and the secondary structure of this protein family is 
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constituted by 400-550 amino acid residues with 12 transmembrane helices (Omote et 
al., 2006) (Fig. 7).  
 
 
Fig. 7 – Typical secondary structure of a MATE-type transporter. Shown is a secondary structure model of 
human MATE1. The regions that are relatively well conserved among all known MATEs are delineated by 
broken lines. The relative size of each amino acid symbol indicates the degree of conservation of that 
residue. From Omote et al. (2006). 
 
MATE transporters are H+ or Na+ antiports that take advantage of these cation 
gradients across the membranes to drive substrate movement. The nature of MATE 
substrates is diverse, though they are typically polyaromatic and cationic, and it has 
been shown, in pathogenic bacteria and mammals, that MATE transporters extrude 
antibiotics and therapeutic drugs, respectively (Lu et al., 2013). The current mechanism 
of transport, elucidated based on the Vibrio cholerae NorM structure, includes three 
steps (He et al., 2010): in the first, the cation binds to the protein at a conserved site 
(Fig. 8 a, b) driving a conformational change that leads to the exposure of the substrate 
binding site in the opposite side of the membrane; then, the substrate binds to the 
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protein and it loses affinity for the cation, releasing it; finally, the transporter recovers its 
original conformation, which causes the translocation of the substrate and allows the 
beginning of a new cycle. A scheme of this model is shown in Fig. 8. 
 
 
Fig. 8 – The cation-binding site of NorM-VC and mechanism of transport. (a) and (b) Cation-binding site as 
calculated with Rb+(a) or Cs+(b), showing 9 conserved amino acid residues. (c) Proposed transport 
mechanism. See text for detailed information. From He et al. (2010). 
 
In contrast to animals and bacteria (e.g. 2 MATE transporters in the human genome), 
plants exhibit a large number of members, with 56 MATE orthologs identified in the 
Arabidopsis thaliana genome, although the transport characteristics of most of them 
remain unknown (Moriyama et al., 2008). From what is known about plant MATE 
transporters, some members play particular physiological roles with high specificity to 
transport certain substrates, including secondary metabolites. For instance, Nt-JAT1 
and MATE1/2 from Nicotiana tabacum act as vacuolar importers of the alkaloid nicotine 
in leaf and roots, respectively (Morita, M. et al., 2009; Shoji et al., 2009). Properties of 
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Table 1. Properties of selected plant MATE-type transporters 
Plant Name Driving force 
Subcellular 





thaliana ALF5 N.D. N.D. 
Root (epidermis, 
cortex) (TMA, PVP) 
Protection of the root 
from toxic compounds 
 









EDS5 N.D. N.D. N.D. N.D. 
Salicylic acid-
dependent signaling 
cascade for disease 
resistance 
 
FRD3 N.D. N.D. Root (pericycle, 
vascular cylinder) Citrate 
Efflux of citrate into 
the root vasculature 
for iron translocation 
 
TT12 H+ Vac Seed coat 
endothelium Flavonoids 
Vacuolar flavonoid/H+ 
antiporter in the seed 
coat 
Tomato MTP77 N.D. N.D. N.D. N.D. 
Vacuolar transporter 
of anthocyanins 
(similar to TT12) 
Lupin LaMATE N.D. PM Root N.D. N.D. 
Barley HvMATE N.D. N.D. N.D. (Citrate) Aluminum tolerance 
 
HvAACT1 N.D. PM Root, shoot Citrate 
Al-activated efflux 
carrier of citrate, 
aluminum tolerance 
Sorghum SbMATE N.D. PM Root (Citrate) 
Al-activated efflux 
carrier of citrate, 
aluminum tolerance 
Tobacco NtJAT1 H+ Vac Ubiquitous Nicotine 
Vacuolar 
sequestration of 
nicotine in leaf 




N.D, Not determined; PM, Plasma membrane; Vac.Vacuole; TMA, Tetramethylammonium; PVP.Polyvinylpyrrolidone; 
EtBr,Ethidium bromide. Adapted from Yazaki et al. (2008) 
 
Due to their versatility and the major role that this family of transporters has been 
shown to play in the vacuolar transport of secondary compounds, as recently reported 
(Table 1), MATE proteins are an essential target in studies intending to elucidate 
secondary metabolism in plants. Moreover, these transporters were proved to be 
involved in the vacuolar sequestration of the alkaloid nicotine (Table 1), and the 
likelihood of being involved in the vacuolar sequestration of another alkaloid, berberine, 
is very high, since it was demonstrated that a H+ antiport system is responsible for this 
process (Otani et al., 2005). Given these precedents, it was expectable that the 
alkaloids from C. roseus were also transported into the vacuole by a similar 
mechanism. In fact, our group recently demonstrated that the main TIAs from C. roseus 
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leaves are accumulated in mesophyll vacuoles by highly specific H+ antiport system, for 
which MATE transporters are prime candidates (Carqueijeiro et al., 2013). 
 
4. ABC transporters in plants 
 
The ATP-binding cassette (ABC) transporters constitute one of the largest families of 
proteins and seem to be present in all organisms (Henikoff et al., 1997). The ABC 
proteins are defined as primary transporters that hydrolyze ATP and use the energy 
released in this reaction to drive the transport of a particular substrate. The topology of 
these proteins is highly diverse, however, most of them are membrane-bound proteins 
that act as exporters or importers, depending on the direction of the transport relative to 
the cytoplasm (Verrier et al., 2008). These proteins consist usually of four subunits (full-
size ABCs), two transmembrane domains (TMD) and two nucleotide-binding domains 
(NBD) (Higgins, 1992), arranged in the “forward” (TMD-NBD-TMD2-NBD2) or in the 
“reverse” configuration (NBD-TMD-NBD2-TMD2). Some ABC transporters have only 
one TMD and one NBD domain and are called half-size. The full protein can be 
encoded by a single gene, by two genes each coding for a TMD-NBD pair to form 
hetero- or homo- dimers, or by four genes, each coding for a subunit, as occurs in 
prokaryotes. From phylogenetic analyses it was concluded that most eukaryotic ABC 
transporters can be grouped into 8 major subfamilies (from A to H). For plants, an 
additional subfamily (ABCI) was created to classify the proteins that resemble 
prokaryotic-type ABCs, absent from most animals (Verrier et al., 2008). Members of the 
H family have not been yet identified in plants (Verrier et al., 2008). Some 
characteristics of the plant ABC transporters are shown in Table 2. 
 
It has been shown that the ABC transporters play a major role in the transport of 
secondary metabolites in plants, including alkaloids. For instance, Coptis japonica 
CjMDR1 codes an ABCB protein localized at the plasma membrane of cells from 
various tissues, whose function is hypothesized to be the import of berberine into the 
rhizome (Shitan et al., 2003). A similar role was recently reported for CjABCB2, a 
highly homologous protein. In fact, CjABCB2 is expected to be a more specific 
transporter of berberine into the rhizome since it is expressed almost exclusively in this 
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Table 2. Plant ABC transporters - Generalities. 





Also known as AOH (full-size) or 
ATH (half-size). ABCA half-size 
transporters have only been 
identified in plants and 
prokaryotesb. Probable 





Also known as Pgp or MDR (full-
size), in humans are related to 
multidrug resistancec. The half-
size are also known as TAP or 
ATM and are related to the 




Also known as MRP. They have 
an N-terminal extension (blue in 
the figure) called TMD0. The 
function of the TMD0 in plants is 
still unknown but in human and 
yeast is involved in protein 
targetingb. Involved in the transport 




Half-size ABC transporter proteins 





Soluble proteins, only with NBD 
domains. Their function is probably 
not related to transport since 
homologs in yeast and human 
participate in ribosome recycling 
and translational controlb. 
ABCG 
 
 Also known as WBC (half-size) or 
PDR (full-size). This subfamily is 
particularly expanded in plants and 





Also known as NAPs (non-intrinsic 
ABC proteins), they codify ABC 
subunits that will associate to form 
multisubunit full ABCs. Similar to 
the components of prokayotic 
multi-subunit ABC transportersc.   
a Adapted from Rea (2007); in red, NBD; in grey, TMD; in blue, TMD0. b Kang et al. (2011). c Verrier et al. (2008) 
 
 
In our group, previous characterization of the C. roseus idioblasts transcriptome by 
cDNA-AFLP allowed the identification of various genes specifically up-regulated in 
these cells (Fig. 9) (Carqueijeiro, 2013). Among them, ABC transporters from various 
subfamilies were identified. Since the anticancer TIAs are accumulated in idioblasts 
and the ABC proteins have an important role in alkaloids transport, it is expectable that 
one of the functions of the identified transporters is to import the TIAs inside the 
idioblasts or inside their vacuoles.  
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Fig. 9 – cDNA-AFLP analysis of C. roseus idioblasts. At the right side is highlighted the chosen tag. Its up-
regulation in idioblasts (idio) is at least 4-fold that of roots, leaves and protoplasts (Ppt). 
Moreover, a proteomic analysis of mesophyll vacuoles and tonoplast membranes 
isolated from C. roseus leaves identified one of the up-regulated ABC genes, called 
ABCC1 (Fig. 9), as being localized in this compartment, supporting the specific 
localization of this transporter in idioblast vacuoles (Carqueijeiro, 2013). 
 
4.1. ABCC subfamily 
 
ABCC proteins are full-size transporters whose domains are arranged in the forward 
direction and most of them have an additional N- terminus TMD, called TMD0, with 3 to 
5 transmembrane helices (Wanke & Kolukisaoglu, 2010). The function of this domain is 
unknown in plants, but in some yeast and human ABCCs it is related to protein 
targeting (Mason & Michaelis, 2002; Westlake et al., 2005). Some observations 
suggested that ABCC proteins are not able to operate without TMD0 and need to form 
dimers to be functional (Paumi et al., 2009). The first member of this subfamily 
(HsMRP1, ABCC1) was discovered in drug-resistant human lung cancer cell lines and 
it was demonstrated that it had the ability to transport glutathione conjugates (Cole et 
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al., 1992). Similarly, the demonstration that the transport of glutathionated compounds 
into the plant cell vacuole corresponds to a mechanism dependent on ATP 
energization, and not on the proton motive force, was the first evidence of their 
presence in plants (Martinoia et al., 1993).  
 
Several functions have been reported for ABCC transporters in plants. For instance, 
due to their capability for transporting glutathione conjugates, ABCC proteins play a 
major role in detoxification of xenobiotics (Li et al., 1997). Additionally, evidence 
suggests that A. thaliana ABCC1 and ABCC2 are involved in tolerance to inorganic 
cations such as Cd2+ and Hg2+ (Park et al., 2012). AtABCC1 regulates the cytoplasmic 
concentration of folate through its sequestration into the vacuole (Raichaudhuri et al., 
2009), whereas AtABCC5 seems to play a similar role in what concerns phytate (InsP6) 
(Nagy et al., 2009). Moreover, in resemblance to the cystic fibrosis transmembrane 
conductance regulator – CFTR – and the sulfonylurea receptor – SUR, which are 
human ABC proteins that act as regulators of K+ channels, AtABCC5 seems to control 
the opening of the guard cells from stomata by also influencing K+ fluxes (Kang et al., 
2011). In fact, AtABCC5 regulates a complex signaling cascade involving InsP6, which 
activates vacuolar Ca2+ release and inhibits K+ influx. InsP6 prolonged presence in the 
guard cells cytosol could lead to deregulation of Ca2+-dependent signaling pathways 
and affect K+ fluxes (Kang et al., 2011). It was also recently confirmed that an ABCC 
protein, VvABCC1, is involved in the vacuolar transport of a glucosylated anthocyanidin 
in grapevine (Francisco et al., 2013). 
 
Despite it has been shown that members of this subfamily in animals are able to 
transport positively charged alkaloids in the presence of the negatively charged 
glutathione (Versantvoort et al., 1995; Zaman et al., 1995), up to now there is no 
evidence that plant ABCC proteins could be involved in alkaloid transport. However, 
the versatility of this subfamily together with the already described expression and 





The main goal of this work was to investigate the transmembrane transport 
mechanisms of the TIAs from the medicinal plant C. roseus by isolating, cloning and 
performing the molecular characterization of transporter genes implicated in TIA 
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transmembrane transport. One ABC transporter gene belonging to the ABCC subfamily 
(ABCC1), highly expressed in alkaloid accumulating idioblasts, and two MATE 
transporter genes (MATE1 and MATE2), potentially involved in the vacuolar 
accumulation of alkaloids, were selected as targets for this study. Therefore, these 
genes were isolated and cloned in different vectors, the subcellular localization of the 
codified transporters was investigated in silico and through transient expression of 
GFP-fusion proteins in mesophyll protoplasts of C. roseus, and in silico analysis was 
performed to search for signatures and domains characteristic of each family, and to 
predict the proteins topology. Additionally, experiments were performed intending to 
determine the expression profile of the three transporter genes, and to compare them 
with that of characterized enzymes belonging to the early and late steps of the 
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Materials and Methods 
 
1. Biological material 
 
1.1. Plant material 
 
Plants of Catharanthus roseus (L.) G. Don cv. Little Bright Eye were grown at 25 °C in 
a growth chamber, under a 16 h photoperiod, using white fluorescent light with a 
maximum intensity of 70 µmol m‐2 s‐1. Seeds were acquired from B&T World Seeds 
(France). For the isolation of protoplasts, the 2nd and 3rd leaf pairs of adult C. roseus 
plants were used. 
 
1.2. Bacterial strains and plasmids 
 
In this work, the following Escherichia coli strains were used: DH5α, XL1-Blue, TOP10 
and SURE. Chemically competent E. coli cells were prepared according to a protocol 
adapted from Hanahan et al. 1991 (Hanahan et al., 1991), described in Appendices 1 
and 2. 
 
For the primary cloning of the full coding sequence of the transporters under study, the 
commercial vector pGEM®-T easy (Promega) was used.  
For the transient expression in C. roseus mesophyll protoplasts, the fusions of the 
transporter coding sequences at the 5’-end (N-terminus) of GFP were generated using 
the plasmid pTH2, that corresponds to pUC18 carrying the 35SΩ-sGFP(S65T)-nos 
construct and an ampicillin/carbenicillin-resistance marker (Niwa et al., 1999). The C-
terminal fusions were generated using the plasmid pTH2-BN (Kuijt et al., 2004), a 
derivative of pTH2 in which the sGFP coding sequence lacks the stop codon. N- and C- 
terminal fusions of the transporter coding sequences with GFP for expression in yeast 
were generated using the plasmids pUG23 and pUG34 (Niedenthal et al., 1996), 
respectively. These plasmids carry the URA3 marker, an ampicillin/carbenicillin-
resistance marker and an enhanced version of GFP for its expression in yeast –yEGFP 
(Cormack et al., 1997). Additionally to the above cited constructs, whenever performing 
subcellular localization analysis of the generated fusion proteins, two CFP marker 
constructs, one targeted to the vacuole and another targeted to the plasma membrane, 
were used. In Table 3 the main features of the plasmids used along this work, as well 
as the generated constructs, are shown. 
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Table 3. List and main features of the plasmids used in this work. 
Vector Type Size Promoter 
Type of 
promoter 
pGEM®-T easy Cloning vector 3015 bp - - 
pTH2 a Plant expression vector 4090 bp 35S Constitutive 
pTH2-BN b Plant expression vector 4100 bp (approx.) 35S Constitutive 
pUG23 c Yeast expression vector 6303 bp MET25 Inducible 
pUG34 c Yeast expression vector 6297 bp MET25 Inducible 
pMON999 Plant expression vector 4108 bp 35S Constitutive 
a
 In Niwa et al. (1999); b In Kuijt et al. (2004); c In Niedenthal et al. (1996). 
 
2. In silico analysis of sequences 
 
The retrieval of the full-length cDNA sequences of MATE1, MATE2 and ABCC1 was 
achieved using the following transcriptomic databases: i) Medicinal Plant Genomics 
Resource (Góngora-Castillo et al., 2012) 
(http://medicinalplantgenomics.msu.edu/index.shtml), ii) PhytoMetaSyn (Xiao et al., 
2013) (http://www.phytometasyn.ca/), and iii) the Online Resource for Community 
Annotation of Eukaryotes, ORCAE (Sterck et al., 2012) 
(http://bioinformatics.psb.ugent.be/blast/moderated/?project=orcae_Catro).  
The translation of the open reading frames of the obtained nucleotide sequences was 
performed using the Translate tool of Molecular Toolkit (Bowen, 1998) 
(http://www.vivo.colostate.edu/molkit/translate/index.html).  
The analysis of the conserved domains of the different transporters was performed 
using the Conserved Domains Search tool (Marchler-Bauer et al., 2013) from the 
National Center for Biotechnology Information (NCBI; 
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Analysis of the secondary 
structure of MATE1, MATE2 and ABCC1 was performed using the topology prediction 
tools TopPred 2 (von Heijne, 1992) (http://mobyle.pasteur.fr/cgi-
bin/portal.py?#forms::toppred), SOSUI (Hirokawa et al., 1998) (http://bp.nuap.nagoya-
u.ac.jp/sosui/sosui_submit.html), and TOPCONS (Bernsel et al., 2009) 
(http://topcons.cbr.su.se/).  
Finally, in silico subcellular localization was predicted using TargetP 1.1 (Emanuelsson 
et al., 2000) (http://www.cbs.dtu.dk/services/TargetP/) and WoLFPSORT (Horton et al., 
2007) (http://wolfpsort.org/). 
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3. Isolation of full length coding-sequences of MATE1, MATE2 and 
ABCC1 
 
3.1. Extraction of RNA and synthesis of cDNA 
 
Total RNA was extracted from leaves at different stages of development (immature and 
fully expanded) from 4 month-old and mature plants (> 7 months), and also from leaf 
mesophyll protoplasts from plants of different ages, ranging from seedlings to 1 year 
old plants, using the RNeasy Plant Mini kit (Qiagen), according to the manufacturer’s 
instructions. Each sample contained a pool of biological material composed of 
leaves/protoplasts from 3 to 5 plants. The extracted RNA was quantified 
spectrophotometrically in a Nanodrop ND-1000 (Thermo Scientific).  
For the synthesis of cDNA, 1 µg of the isolated RNA was treated first with DNaseI 
(Thermo Scientific) to eliminate DNA contamination in further reactions. The enzyme 
was then inactivated by heating at 65°C for 10 min in the presence of 20 mM EDTA. 
First-strand cDNA was synthesized from total RNA using the iScript™ cDNA Synthesis 
Kit (BioRad) according to manufacturer’s instructions, with oligo(dT) or gene specific 
oligonucleotides as primary reverse primers for the reaction.  
 
3.2. Design of primers 
 
3.2.1. Primers for cloning 
 
Primers for primary cloning into pGEM® T-easy (Promega) were designed to amplify 
the full coding sequence of the transcripts and perform TA cloning. 
Primers used for the cloning into the expression vectors pTH2, pTH2BN, pUG23 and 
pUG34 included endonuclease restriction sites to allow directional cloning. This 
strategy was also used to generate a modified version of pTH2 that contains additional 
restriction sites for XhoI and SpeI in the polylinker and was used to clone ABCC1, 
since the original ones were also present in the transporter Table 4. Primer parameters’ 
such as melting temperature (Tm), stability of secondary structures, and propensity to 
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Table 4. Primers used to amplify the full length coding sequences of MATE1, MATE2 
and ABCC1 for cloning in different vectors. 
Primer Sequence (5’ to 3’) Size (bp) Tm ºC 
Primary cloning 
MATE1Fwd ATGGAAGAGGCATTGCTGCATG 22 58.4 
MATE1Rev TCAGTTTTTGCTTGATCCCTCAAACATTC 29 58.1 
MATE1FwdOut TTGCTGGACGCAGGTCTTTG 20 58.2 
MATE2Fwd ATGGAAGAGGCACTGTTATCTGAGAAAG 28 58.2 
MATE2Rev TCATTTCTCAATGGGATCATGATTTTGAAATATCC 35 57.7 
ABCC1Fwd ATGAAGGGCTTCTGGACTATGTTTTGTG 28 59 
ABCC1Rev TCATTGCGAATAATCTGCTGATTGAGAATG 30 57.6 
ABCC1FwdOut CCCGCCGCATTGATTCTTCTG 21 59 
ABCC1RevOut ATGCCTATCGCCTGATACTATCTATGCC 28 59.3 
ABCC1FwdOE CACCAGAGAGATTCGGAAGGCAGATAGTG 29 61.4 
ABCC1RevOE CACTATCTGCCTTCCGAATCTCTCTGGTG 29 61.4 
Sub-cloning into pTH2 and pTH2-BNa 
MATE1FwdSal AGCCGTCGACATGGAAGAGGCATTGCTGC 29 56 
MATE1RevNco  GATGCCATGGATCCTGAACCAGAGTTTTTGCTTGATCCCTCAAAC 45 54.1 
MATE1FwdBgl CAAGATCTCTATGGAAGAGGCATTGCTGC 29 56.9 
MATE1RevXho CGCCTCGAGTCAGTTTTTGCTTGATCCCTCAAACATTC 38 56.1 
MATE2FwdSal AGCCGTCGACATGGAAGAGGCACTGTTATCTGAG 34 56.4 
MATE2RevSalN AGCCGTCGACTTTCTCAATGGGATCATGATTTTG 42 51.9 
MATE2FwdBgl CAAGATCTCTATGGAAGAGGCACTGTTATCTGAG 34 56.7 
MATE2RevSalC CGCGTCGACTCATTTCTCAATGGGATCATGATTTTGAAATATC 43 56.4 
ABCC1RevSpe_nostop GACCACTAGTGGATGATTGCGAATAATCTGCTGATTGAG 39 55.7 
ABCC1FwdXho GACCCTCGAGATGAAGGGCTTCTGGACTATGTTTTG 36 57.2 
ABCC1RevSpe GACCACTAGTTCATTGCGAATAATCTGCTGATTGAG 36 55.7 
Sub-cloning into pUG23 and pUG34a 
MATE1FwdBglMON CAAGATCTATGGAAGAGGCATTGCTGC 27 56 
MATE1RevSalN AGCCGTCGACGTTTTTGCTTGATCCCTCAAACATTC 36 54.1 
MATE2FwdBglMON GGAGATCTATGGAAGAGGCACTGTTATCTGAG 32 56.4 
ABCC1RevXho_nostop GACCCTCGAGTGATTGCGAATAATCTGCTGATTGAG 36 55.7 
ABCC1FwdSpe GACCACTAGTATGAAGGGCTTCTGGACTATGTTTTG 36 57.2 
ABCC1RevXho GACCCTCGAGTCATTGCGAATAATCTGCTGATTGAG 36 55.7 
Modified version of pTH2 
pTH2_Fwd2 AATCTCGAGACTAGTATGGTGAGCAAGGGCGAGGAG 36 57.4 
pTH2_Rev AATCTCGAGCCATGGATCCTCTAGAGTCGACTG 33 57.9 
 
a
 Endonuclease restriction sites are underlined. Additional nucleotides at the 5’ terminus improve site recognition by the 
restriction enzyme and the number of bp added to the termini is dependent on the enzyme. Linkers appear in italics. In 
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3.2.2. Primers for expression analysis – semi quantitative PCR 
 
For the expression analysis of the transporters under study by semi-q PCR, the primer 
pairs were designed based on the coding sequence of the selected genes using the 
PrimerQuest tool (Integrated DNA Technologies, 
http://eu.idtdna.com/PrimerQuest/Home/Index). The parameters set for the design are 
shown in Table 5. The primers were analyzed with OligoAnalyzer, as described above. 
 
Table 5. Parameters for the design of the primers for expression analysis. 
Parameter Range Optimal value 
Amplicon size 80 - 200 bp 150 bp 
Melting temperature 55ºC - 65ºC 60ºC 
GC% content 45 - 60% >50% 
Primer size 18 - 26 bp 22 bp 
GC clamp - 1 bp 
 
Primers for genes known to be involved in the TIAs biosynthetic pathway, namely STR 
and TDC (early pathway), and DAT and D4H (late pathway) were also used, together 
with primers for reference genes –Ribosomal protein S9 (RPs9), ribosomal protein S28 
(RPs28), ribosomal protein L24 (RPL24) and ADP-ribosylation factor 2 (ADP2) (Table 
6).  
 














STRa  X61932 
Fwd 56.4 20 
152 bp 
ACCATTGTGTGGGAGGACAT 
Rev 53.9 20 ATTTGAATGGCACTCCTTGC 
TDCa X67662 
Fwd 53.6 20 
143 bp 
ATCCGATCAAACCCATACCA 
Rev 52.9 29 CGTCATCCTCGACCATTTTT 
DAT AF053307.1 
Fwd 57.3 24 
151 bp 
AGCCGATATGGGTATGCTTGTTTC 
Rev 58.4 24 GCTGTTCGTTCTTCTCAAAGGCAG 
D4H AF008597.1 
Fwd 58.5 22 
99 bp 
ACTGGCAAACAAAGTTGGTCCG 
Rev 57.7 22 ATTGGTCCGTACAATCTTGGCG 
RPs9b AJ749993.1 
Fwd 57.1 22 
 139 bp 
TGAAGCCCTTTTGAGGAGGATG 
Rev 57.0 22 TGCCATCCCAGACTTGAAAACA 
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RPs28  - 
Fwd 54.9 20 
119 bp 
CAGTGCGACCCATGACTTTA 
Rev 54.6 21 CAATAGCCGTTTGTGCTTCTG 
RPL24  - 
Fwd 54.9 22 
82 bp 
CATCCCTTACTTCTGGCTTCTC 
Rev 54.4 22 CAATGGACCTGGAATAGGGATT 
ADP2  - 
Fwd 57.8 25 
90 bp 
GCACAGGATGTTGAATGAGGATGAG 
Rev 57.4 23 GCAGCATTCATTGCATTGGGAAG 
MATE1  - 
Fwd 59.5 24 
184 bp 
AGAACGGAAGCAACATGGAAGACG 
Rev 58.3 24 CATTACAAAGGGAAGTGGCGATGG 
MATE2  - 
Fwd 57.3 23 
153 bp 
CCTCAGTGTTATCAGTGTGCCTC 
Rev 58 24 CAAGAACAATCGCTGCCCAGATAG 
ABCC1  - 
Fwd 59.6 22 
148 bp 
ACCTTCGTAGCGACTTTGCGTC 
Rev 59.2 23 TCTGCCTCACATTTGTGGTCTCC 
a
 Primers sequences used at Suttipanta et al. (2011). b Primers sequences used at Sander (2009) 
 
3.3. Polymerase chain reaction (PCR) 
 
For initial amplification tests with the designed primers, the enzyme used was 
DreamTaq DNA polymerase (Thermo Scientific). For cloning purposes, all reactions 
were performed with proofreading polymerases, either Pfu DNA polymerase (Thermo 
Scientific) or ExactRun-DNA polymerase (Genaxxon), under the conditions 
recommended by the manufacturers. Unless stated otherwise, the parameters for the 
reactions were the ones described in Table 7. The primer pair used for the amplification 
of the MATE and ABC transporter genes are shown in Table 8. 
 
Table 7. Standard parameters for PCR reactions used in this work. 
 
Parameter Usual value 
Template cDNA (ng) 40 
Mg2+ concentration (mM) 2.5 
dNTPs concentration (mM) 0.2 
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MATE1 MATE2 ABCC1 
Primary cloning into pGEM-T easy 
Primer Fwd MATE1Fwd MATE2Fwd ABCC1Fwd 
  MATE1FwdOut   ABCC1FwdOE 
      ABCC1FwdOut 
Primer Rev MATE1Rev a MATE2Rev ABCC1Rev b 
      ABCC1RevOE 
  
    ABCC1RevOut 
Sub-cloning into pTH2 
Primer Fwd MATE1FwdSal MATE2FwdSal ABCC1FwdXho 
Primer Rev MATE1RevNco MATE2RevSalN ABCC1RevSpe_nostop 
Sub-cloning into pTH2-BN 
Primer Fwd MATE1FwdBgl MATE2FwdBgl ABCC1FwdXho 
Primer Rev MATE1RevXho MATE2RevSalC ABCC1RevSpe 
Sub-cloning into pUG23 
Primer Fwd MATE1FwdBglMON MATE2FwdBglMON ABCC1FwdSpe 
Primer Rev MATE1RevSalN  MATE2RevSalN  ABCC1RevXho_nostop 
Sub-cloning into pUG34 
Primer Fwd MATE1FwdBglMON MATE2FwdBglMON ABCC1FwdSpe 
Primer Rev MATE1RevXho MATE2RevSalC  ABCC1RevXho 
a Primer Rev was used with both Primer Fwd. a Each primer Rev was used with each primer Fwd, respectively. 
 
3.3.1. Conventional PCR  
 
The MATE2 full coding sequence was amplified with the corresponding primer pair 
(Table 8) using Pfu DNA polymerase (Thermo Scientific). The PCR program consisted 
of one cycle at 95ºC for 3 min, 50 cycles at 95ºC for 30 seconds (s), 52ºC for 45 s and 
72ºC for 3 min 15 s, and a final extension at 72ºC for 7 min. This program was also 
used for amplification tests of MATE1 and ABCC1. 
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The amplification of MATE1 for sub-cloning into the expression vectors pTH2, pTH2-
BN, pUG34 and pUG23, and of MATE2 for sub-cloning into pTH2, pUG34 and pUG23, 
was performed under the conditions described above, with the exception of the number 
of cycles – 40 in this case. The primers sets used are described in Table 8. 
 
Amplification of ABCC1 for sub-cloning was performed with ExactRun-DNA 
polymerase (Genaxxon), since this enzyme is generally used to obtain large and 
difficult to amplify sequences. The PCR program consisted of one cycle at 94ºC for 3 
min, 35 cycles at 94ºC for 40 s, 65ºC for 45 s and 72ºC for 2 min, and a final extension 
at 72ºC for 5 min. DMSO and 5M betaine were added to final concentrations of 4% and 
1M, respectively, to improve amplification efficiency and specificity (Frackman et al., 
1998).  
 
To modify the polylinker at the N-terminus of sGFP with the purpose of cloning ABCC1, 
pTH2 was amplified with primers pTH2_Fwd2 and pTH2_Rev, using ExactRun-DNA 
polymerase (Genaxxon). The PCR program  consisted of one cycle at 94ºC for 3 min, 
35 cycles at 94ºC for 40 s, 56ºC for 45 s and 72ºC for 3 min 15 s, and a final extension 
at 72ºC for 5 min. DMSO and 5M betaine were added to final concentrations of 4% and 
1M, respectively.  
 
3.3.2. Nested and hemi-nested PCR 
 
For the amplification of the MATE1 full coding sequence, hemi-nested PCR reactions 
were set with Pfu DNA polymerase (Thermo Scientific). The primers pair 
MATE1FwdOut / MATE1Rev (Table 8) was used in the first reaction. The PCR 
program  consisted of one cycle at 95ºC for 3 min, 25 or 40 cycles at 95ºC for 30 s, 
52ºC for 45 s and 72ºC for 3 min 15 s, and a final extension at 72ºC for 7 min. The 
product of the first reaction was diluted 10-fold before being used as template for the 
second reaction. The same conditions were used for the second PCR, with the 
exception made of the primers set used – MATE1Rev / MATE1Fwd (Table 8), and of 
the number of cycles – 45 or 50 for this reaction.  
  
Nested PCR reactions were performed to amplify the ABCC1 full coding sequence 
using ExactRun-DNA polymerase (Genaxxon), and 4% DMSO and 1M betaine were 
added to both reactions, as described above. For the first round, the reaction was set 
with the primers pair ABCC1FwdOut / ABCC1RevOut (Table 8) and under the following 
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conditions: 94ºC for 3 min, 35 cycles at 94ºC for 40 s, 56ºC for 45 s and 72ºC for 2 min, 
and a final extension at 72ºC for 5 min. For the second round the used primer set was 
ABCC1Fwd / ABCC1Rev (Table 8) and the conditions were maintained as above. The 
product of the first reaction was diluted 10-fold before being used as template for the 
second reaction. In both reactions the annealing temperature was optimized by 
performing a gradient. The annealing temperatures tested were 52ºC, 54ºC and 56ºC.  
 
3.3.3. Touchdown PCR 
 
Amplification of MATE2 for sub-cloning into the expression vector pTH2-BN was 
performed with the primer set referred in Table 8 and using Pfu DNA polymerase 
(Thermo Scientific). The PCR program consisted of one cycle at 95ºC for 3 min, 16 
cycles at 95ºC for 30 s, 60 to 52ºC (-0.5ºC/cycle) for 45 s and 72ºC for 3 min 15 s, 24 
cycles at 95ºC for 30 s, 52ºC for 45 s and 72ºC for 3 min 15 s, and a final extension at 
72ºC for 7 min. 
 
3.3.4. Overlap-extension PCR (OE-PCR) 
 
The amplification of ABCC1 was tested by overlap-extension PCR (OE-PCR). For 
simplification, a scheme of the procedure is shown in Fig. 33. In summary, the two 
halves of the target sequence, which overlapped in a 30 bp region also corresponding 
to the internal primer, were amplified in independent PCR reactions (Round 1). In the 
second round, the halves were both used as templates, and the full coding sequence 
was amplified by the annealing of the 5’- and 3’-terminal primers to the single-stranded 
DNA templates, and of the overlapping regions between them.  
 
5’- and 3’-terminal halves were synthesized with primer sets ABCC1Fwd / 
ABCC1RevOE, and ABCC1FwdOE / ABCC1Rev, respectively (Table 8). The PCR 
program  consisted of one cycle at 95ºC for 3 min, 40 cycles at 95ºC for 30 s, 53ºC for 
45 s and 72ºC for 2 min 40 s (experiments with DreamTaq polymerase, Thermo 
Scientific) or 5 min (experiments with Pfu polymerase, Thermo Scientific), and a final 
extension at 72ºC for 7 min.  
 
The synthesized fragments in the first OE-PCR round were purified using the 
GeneJET™ Gel extraction kit (Thermo Scientific), according to the manufacturer’s 




Cloning and characterization of transporter genes potentially involved in the transmembrane transport of the 
alkaloids from the medicinal plant Catharanthus roseus (L.) G. Don. 
instructions, and quantified spectrophotometrically using a Nanodrop ND-1000 
(Thermo Scientific), before being used in the overlapping reaction. The variables tested 
in the second OE-PCR round are summarized in Table 9. With the exception of the 
initial denaturation temperature in the assays with AmpliTaq Gold® (Applied 
Biosystems), a hot-start enzyme, the PCR program was as for round one. 
 
Table 9. List of parameters/variables tested in OE-PCR reactions. 
 
Parameter Tested conditions 
DNA polymerase 
DreamTaq (Thermo Scientific), Pfu (Thermo Scientific), 
AmpliTaq Gold® (Applied Biosystems), FideliTaq® (Affimetrix) 
Template (ng)  0.8, 8, 40, 80 
Ta (ºC) 48, 50, 52, 54, 56 
Additives 1M Betaine, 4% DMSO , 1M Betaine + 4% DMSO 
Number of cycles 20, 25, 35 
Annealing time 10 min, 25 min, 1 min 
Extension temperature (ºC) 68, 72 
Mg2+ concentration (mM) 2, 2.5, 2.75, 3 
dNTPs concentration (mM) 0.2 
Primers concentration (µM) 0.4 
Addition of primers To the mix, at 10 cycles 
 
3.3.5. Semi-quantitative (semi-q) PCR 
 
In order to analyze the levels of expression of the three selected transporter genes 
putatively involved in C. roseus alkaloid transport, and to compare these expression 
levels with the ones from other genes proven to be involved in the C. roseus TIA 
pathway, were performed assays to optimize semi-q PCR reactions. To test the 
primers, reactions were set with DreamTaq polymerase (Thermo Scientific) according 
to the manufacturer’s instructions. The PCR program consisted of one cycle at 95ºC for 
3 min, 40 cycles at 95ºC for 30 s, gradient with annealing temperatures of 52ºC, 54ºC 
and 56ºC for 45 s and 72ºC for 15 s, and a final extension at 72ºC for 7 min.  
 
Optimization of the semi-q PCR reaction conditions was performed using AmpliTaq 
Gold® (Applied Biosystems), a hot-start polymerase, and 4% DMSO as enhancer. The 
PCR program consisted of one cycle at 95ºC for 9 min, maximum 40 cycles at 95ºC for 
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30 s, 52ºC or 55ºC for 45 s and 72ºC for 30 s or 45 s, and a final extension at 72ºC for 
5 min. The parameters tested to optimize these reactions are shown in Table 10. 
 
Table 10. Variables assayed for the optimization of semi-q PCR reactions. 
  
First test Second test 
Compositions 
cDNA (ng) 30 30 
10 mM dNTPs (mL) 0.4 0.4 
10 mM Primers (mL) 0.6 0.8 
25 mM MgCl2 (mL) 1.2 0.8 
Total volume (mL) 20 20 
Conditions 
Number of cycles 27, 33, 40 30, 33, 37 
Ta (ºC) 55 52 
Extension (s) 30 45 
 
3.3.6. Purification of PCR products  
 
Unless stated otherwise, all PCR products were separated in a 1% (w/v) agarose 
(BioRad) gel electrophoresis in 1x TAE buffer (40 mM Tris base, 10% (v/v) acetic acid 
and 10 mM EDTA) supplemented with 0.5 µg/mL ethidium bromide (Bio-Rad) to allow 
visualization of the DNA bands under UV light. The electrophoretic run was performed 
at 80 V (PowerPac Basic, BioRad) and as molecular markers the GeneRuler™ 1kb 
DNA Ladder (0.5 µg/µL; Thermo Scientific) and the GeneRuler™ DNA Ladder Mix (0.5 
µg/µL; Thermo Scientific) were used.  The DNA of interest was recovered from the 
agarose gel using the GeneJET™ Gel extraction kit (Thermo Scientific), according to 
the manufacturer’s instructions. 
 
4. Molecular cloning 
 
4.1. Ligation to cloning vectors 
 
Full coding sequences amplified without restriction sites were cloned into pGEM®-T 
Easy (Promega), according to the manufacturer’s instructions for TA cloning. 
 
In order to insert MATE1, MATE2 and ABCC1 into the expression vectors pTH2, pTH2-
BN, pUG23 and pUG34, PCR products and plasmids were sequentially digested with 
the appropriate restriction enzymes (all from Thermo Scientific), as shown in Table 11, 
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following the manufacturer’s instructions. The digestion reactions were incubated at 
37ºC during 3 to 5 h, the product of the first digestion reaction was separated in a 1% 
agarose (BioRad) gel and the DNA of interest was recovered using the GeneJET™ Gel 
extraction kit (Thermo Scientific). This material was then digested with the second 
restriction endonuclease and, in order to avoid plasmid re-ligation, 1 µL of Calf-
Intestinal Alkaline Phosphatase (CiAP, Thermo Scientific) was added to the reaction in 
the last hour of incubation.   
 
After this reaction time, restriction and modifying enzymes were inactivated by adding 
20 mM EDTA (pH 8.0) and further incubating the mixture at 65°C for 20 min. 
 
Table 11. Digestions with restriction endonucleases performed for sub-cloning of 
ABCC1, MATE1 and MATE2 into pTH2, pTH2-BN, pUG23 and pUG34. 
 
DNA to ligate to RE1 RE2 
MATE1 
pTH2 SalI NcoI 
pTH2-BN BglII XhoI 
pUG23 BglII SalI 
pUG34 BglII XhoI 
MATE2 
pTH2 SalI - 
pTH2-BN BglII SalI 
pUG23 BglII SalI 
pUG34 BglII SalI 
ABCC1 
pTH2 XhoI SpeI 
pTH2-BN XhoI SpeI 
pUG23 XhoI SpeI 
pUG34 XhoI SpeI 
pTH2 
MATE1 SalI NcoI 
MATE2 SalI - 
ABCC1 XhoI SpeI 
pTH2-BN 
MATE1 BglII XhoI 
MATE2 BglII XhoI 
ABCC1 XhoI SpeI 
pUG23 
MATE1 BamHI SalI 
MATE2 BamHI SalI 
ABCC1 SalI SpeI 
pUG34 
MATE1 BamHI SalI 
MATE2 BamHI SalI 
ABCC1 XhoI SpeI 
RE – Restriction endonuclease 
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The cut DNA was recovered with the GeneJET™ Gel extraction kit (Thermo Scientific), 
as described before. Ligation reactions were set with T4 DNA ligase (Thermo 
Scientific) as recommended by the manufacturer, and incubated ON at 4ºC. Before 
transforming, the ligations were heat inactivated at 65ºC during 10 min and purified 
with the GeneJET™ Gel extraction kit (Thermo Scientific) to improve transformation 
efficiency (Kobori & Nojima, 1993; Michelsen, 1995). 
 
4.2. Modification of pTH2  
 
Two restriction sites (SpeI and XhoI) were inserted into the polylinker of the expression 
vector pTH2 to allow directional cloning of ABCC1, as the original ones were also 
present in the transporter sequence. The plasmid was amplified with primers 
pTH2_Fwd2 and pTH2_Rev, and then digested with XhoI (Thermo Scientific) during 3h 
at 37ºC, as recommended by the manufacturer. At the end of this incubation time, the 
DNA was separated by a 1% agarose (BioRad) gel and recovered using the 
GeneJET™ Gel extraction kit (Thermo Scientific), as described before. As both 5’ and 
3’-ends had the restriction site for XhoI, plasmid re-ligation allowed its sequence 
reconstitution. Approximately 400 ng of modified pTH2 were re-ligated with DNA T4 
DNA ligase (Thermo Scientific), as recommended by the manufacturer. A scheme of 
the procedure is shown in Fig 27. 
 
4.3. Transformation of E. coli  
 
Chemically competent E. coli DH5α, XL1-Blue, Top 10 and SURE cells were subjected 
to transformations using the heat shock method. Typically, 50-100 µL of chemically 
competent cells were used for transformation either with 1 µL of plasmid DNA (pDNA) 
or 5 µL of a ligation reaction. After an incubation of 15 to 30 min on ice, the mixture of 
competent bacteria and DNA was heat-shocked at 42°C for 45 s and placed back on 
ice for 2 min. One mL of LB was added to the mixture and the cells were left to recover 
for 30 to 50 min at 37ºC. The cell suspension was centrifuged at 4000 rpm for 3 min at 
room temperature (RT) and 900 µL of supernatant were removed. The cells were 
gently resuspended in the remaining volume, and were plated onto Luria-Bertrani (LB) 
medium (DifcoTM; for one litre of LB medium: 10 g of tryptone, 5 g of yeast extract and 
10 g of NaCl) with 1.5% (w/v) agar (Liofilchem) supplemented with 100 µg/mL of 
ampicillin (Sigma) for selection. Plates were then incubated ON at 37ºC. 
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4.4. Selection of positives clones 
 
The presence of positive clones was screened by colony PCR, except for the MATE 
transporters cloned into pTH2 and pTH2-BN. Single isolated colonies were picked to 
transfer a small amount of bacteria into a PCR tube previously filled with 10 µL of 
ddH2O, and to re-plate onto LB-agar supplemented with 100 µg/mL of ampicillin 
(Sigma). The colonies were numbered to facilitate their identification. A PCR mix was 
prepared by mixing together 6.7 µL of ddH2O, 2 µL of 10X DreamTaq buffer (Thermo 
Scientific), 0.4 µL of each 10 µM primer and of 10 mM dNTPs, and 0.1 µL of DreamTaq 
DNA polymerase (Thermo Scientific) per colony to be screened. The primers were 
chosen in a way that it was possible to check for the presence of the inserted DNA. 
The PCR reactions were set by adding 10 µL of the mix to each tube. The PCR 
program  consisted of one cycle at 95ºC for 3 min, 35 cycles at 95ºC for 30 s, 52ºC for 
30 s and 72ºC for an appropriate time, depending on the expected size of the product 
(generally 1 min / 1 kb), and a final extension at 72ºC for 5 min. The positive clones 
were identified by gel electrophoresis as described in section 3.3.6. Up to 5 positive 
clones were picked from the second plate to inoculate 5 mL of LB medium 
supplemented with 100 µg/mL of ampicillin. Cultures were grown ON at 37ºC (Infors 
HT Multriton Incubator) with vigorous shaking (200 rpm). Plasmid DNA was recovered 
by the alkaline lysis miniprep method using the GeneJET Plasmid Miniprep Kit (Thermo 
Scientific).  
 
Cloning of MATE1 and MATE2 into the plant expression vectors was confirmed by 
restriction analysis of the miniprep DNA. Plasmid DNA was digested with EcoRI, and 
restriction reactions with NcoI plus SalI or BglII plus SalI were used for analysis of 
clones into pTH2 or pTH2-BN, respectively.  
 
The inserted nucleotide sequences were confirmed by sequencing (STAB Vida) and 
analysis of sequence homology between the predicted sequences and the obtained 
sequences was performed using the multiple sequence alignment program MultiAlin 
(Corpet, 1988) (http://multalin.toulouse.inra.fr/multalin/). For each construct, one error-
free clone was used for midi-prep purification of plasmid DNA using the Plasmid Midi 
Kit (Qiagen), according to manufacturer’s instructions, in order to obtain highly pure 
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5. Subcellular localization in C.roseus mesophyll protoplasts 
 
5.1. Isolation of C.roseus mesophyll protoplasts 
 
C.roseus mesophyll protoplasts were isolated according to Duarte et al. (Duarte et al., 
2011). Leaves of the second or third pair of adult plants were cut into ~1 mm strips, 
after excising the central vein, and were immediately transferred to a Petri dish with 10 
mL of digestion medium composed of 2 % (w/v) cellulose (Onozuka R-10, Duchefa), 
0.3 % (w/v) macerozyme (Onozuka R-10, Serva) and 0.1 % pectinase (Sigma) 
dissolved in MM buffer (0.4 M mannitol and 20 mM Mes, pH 5.6-5.8), keeping the 
abaxial face down. The material was vacuum infiltrated in 30 s intervals during 15 min 
and then incubated at 25ºC, in the dark, during 3 h. After this incubation, the Petri 
dishes were placed on an orbital shaker (~60 rpm) for 15 min in the dark and at RT to 
help release the protoplasts. The suspension was filtered through a 100 µm nylon 
mesh and the filtrate was transferred into 15 mL falcon tubes. To pellet the protoplasts, 
the suspension was centrifuged at 65 g for 5 min at 20 ºC. The supernatant was 
removed, the protoplasts were washed twice in MM buffer and once in cold W5 solution 
(154 mM NaCl, 125 mM CaCl2.2H2O, 5 mM KCl and 2 mM Mes, pH 5.7), and the pellet 
was resuspended in a minimum volume of W5. Protoplasts were counted using a 
haemocytometer and were incubated on ice for 30 min. After that time, the suspension 
was once again centrifuged and the pellet was resuspended in an appropriate volume 
of MMg buffer (0.4 M mannitol, 15 mM MgCl2 and 4 mM Mes, pH 5.7) to yield a final 
protoplast concentration of 5x106 cells mL-1. 
 
5.2. PEG-mediated transformation of C.roseus mesophyll 
protoplasts  
 
The integrity of the isolated protoplasts was checked by observation under an optical 
microscope (Olympus) before the transformation. C.roseus mesophyll protoplasts were 
transformed following the procedure by Duarte et al. (Duarte et al., 2011). Typically, 20 
µg of plasmid DNA were mixed with 100 µL of protoplast suspension in a 2 mL round 
bottom eppendorf. One volume (110 µL) of PEG solution (40 % w/v PEG, 0.2 M 
mannitol and 0.1 M CaCl2.2H2O) was added drop by drop to this mixture, flicking the 
tube after every drop. The tubes were left to incubate for 15 min at RT and then four 
volumes of W5 solution (440 µL) were slowly added. The mixture was centrifuged at 
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600 rpm for 2 min, with acceleration and deceleration set at the minimum. The 
supernatant was removed, the pellet was gently resuspended in 100 µL of W5 solution, 
the protoplasts were transferred to 15 mL falcon tubes containing 900 µL of W5, and 
were incubated in the dark at 25ºC, with the tubes lying in a slight slope, for at least 2 
days.  
 
For the co-transformation with subcellular markers, 15 µg of each construct were mixed 
with 120 µL of protoplast suspension. The ratios DNA + protoplasts:PEG solution and 
DNA + protoplasts:PEG solution:W5, were as described above. 
 
5.3. Confocal microscopy 
 
After 48 h, 72 h and, for MATE2-sGFP fusion, 96 h of incubation, fluorescence inside 
the protoplasts was examined using a Leica SP2 AOBS SE confocal microscope 
equipped with a scanhead with an argon laser. Visualization of GFP was performed 
using an excitation wavelength of 488 nm and an emission wavelength window from 
506 to 538 nm. Visualization of chloroplast autofluorescence was performed using the 
same excitation wavelength and an emission wavelength window from 648 to 688 
nm.Visualization of CFP was performed using an excitation wavelength of 450 nm and 
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Results 
 
1. Molecular cloning of two MATE transporter genes from C. roseus 
 
Considering that the multidrug and toxic compound extrusion (MATE) transporters may 
play a major role in alkaloid vacuolar transport, as recent reports suggest (Morita, M. et 
al., 2009; Shoji et al., 2009), and that TIAs seem to be accumulated in C. roseus 
mesophyll vacuoles by a proton antiport system compatible with mediation by a MATE 
transporter (Carqueijeiro et al., 2013), it was hypothesized that MATE transporters with 
high similarity with the nicotine vacuolar transporter Nt-JAT1 (Morita, M. et al., 2009) 
would be good candidates for TIA transport in C. roseus. BLAST search of Nt-JAT1, 
was performed against the Medicinal Plant Genomics Resource (MPGR, 
http://medicinalplantgenomics.msu.edu/index.shtml) database, which holds an 
extensive collection of transcriptomic data from C. roseus, sampled across a diverse 
set of developmental tissues, in cultured cells and in roots following elicitor treatment 
(Góngora-Castillo et al., 2012). The four best hits, shown in Table 12, were initially 
chosen for further characterization. However, the 3rd and 4th hits were shorter versions 
of the 2nd and in consequence, were discarded. 
 
Table 12. Results of the BLAST search of Nt-JAT1 in the MPGR database. 
 
Accession Hit Score E value Best HSP Cov 
Best HSP 
Ident 
cra_locus_1512_iso_8_len_1937_ver_3 2607 4.0e-113 98.66% 66.46% 
cra_locus_1512_iso_9_len_2103_ver_3 2534 7.2e-110 98.03% 66.34% 
cra_locus_1512_iso_1_len_2099_ver_3 2510 8.8e-109 98.03% 66.34% 
cra_locus_1512_iso_3_len_2001_ver_3 2498 3.2e-108 96.42% 66.33% 
 
As expected, the chosen sequences cra_locus_1512_iso_8_len_1937_ver_3 and 
cra_locus_1512_iso_9_len_2103_ver_3 were annotated as “MATE transporters”, and 
are hereinafter called MATE1 and MATE2, respectively. To confirm that the sequences 
were complete and correct, BLAST searches were also performed using the databases 
PhytoMetaSyn (Xiao et al., 2013) (http://www.phytometasyn.ca/), and the Online 
Resource for Community Annotation of Eukaryotes, ORCAE (Sterck et al., 2012) 
(http://bioinformatics.psb.ugent.be/blast/moderated/?project=orcae_Catro). The results 
are shown in Fig 10 and 11. Information given by the databases concerning these hits, 
as well as the complete alignments, is shown in Appendix 3. 
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Fig. 10 – Alignment of the retrieved nucleotide sequences for MATE1. Only the regions with differences 
are shown. The complete alignment is shown in Appendix 3. Blue corresponds to regions with differences 
between the aligned sequences, red corresponds to regions common to all aligned sequences. 
  
 
Fig. 11 – Alignment of the retrieved nucleotide sequences for MATE2. Only the regions with differences 
are shown. The complete alignment is shown in Appendix 3. Blue corresponds to regions with differences 
between the aligned sequences; red corresponds to regions common to all aligned sequences. 
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For further analysis, the ORCAE sequence for MATE1 was discarded, since there were 
slight differences between this and the other two sequences. For MATE2, the ORCAE 
sequence lacks approximately 60 bp, as compared with the PhytoMetaSyn and MPGR 
sequences. In consequence, it was also discarded for further work. 
 
The sequences selected based on the BLAST results, were used to design primers to 
amplify by PCR the full coding sequences of the transporters. Initial attempts to amplify 
the full coding sequence of the transporters through a usual PCR program (30 to 40 
cycles) were unsuccessful. As these transcripts were expected to be of low abundance, 
different strategies to increment the number of copies were tested. The first choice was 
to increase the number of cycles of the PCR program from 35 or 40, to 50. This 
strategy was combined with the usage of DNA templates with different origins. The 
RNA extracted from mature leaves and from protoplasts from mature leaves was 
reverse transcribed with oligo(dT) to obtain cDNA from the total mRNA, or using Gene 
Specific Primers (GSP) in an attempt to maximize the amount of the target template in 
further PCR reactions. The MATE 2 transcript was amplified both when using the cDNA 
from leaves of mature plants, independently of the DNA template used, and also when 
using the cDNA from protoplasts but, in this case, only when the total mRNA was used 
for cDNA production (Fig. 12). 
 
 
Fig. 12 – Amplification of MATE1 and MATE2 with 50 cycles. M1, MATE1, M2, MATE2; C+, Positive 
control, CrPrx1; M, Molecular weight marker, GeneRulerTM DNA Ladder Mix (Thermo Scientific). ). Images 
above represent the origin of the mRNA. Oligo(dT) refers to cDNA reverse transcribed with oligo(dT) 
primers, corresponding to total mRNA; GSP refers to cDNA reverse transcribed using Gene Specific 
Primers, which should be enriched in the target genes. 
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A second strategy, tested simultaneously with the previous one, consisted in 
touchdown PCR (Don et al., 1991). In touchdown PCR, unspecific amplifications are 
minimized by favoring, in the first cycles of the reaction, the more specific interactions 
between the primers and the DNA. For this, the annealing temperature (Ta) in the first 
cycle is around 3ºC above the initially calculated melting temperature (Tm) (Sambrook, 
2001). Each cycle, or few cycles, the Ta is lowered 1ºC to a point where the unspecific 
hybridizations compete with the target. However, at this moment the specific 
amplification will have been enough to suppress the non-desired products (Sambrook, 
2001). The templates used for these experiments were the same as for the 50 cycles 
strategy. The results are shown in Fig. 13, and it can be observed that MATE2 was 
also amplified using this strategy, when mRNA was extracted from leaves and either 
oligo(dT) or GSP were used for cDNA synthesis. 
 
 
Fig. 13 – Amplification of MATE1 and MATE2 with touchdown PCR. M1, MATE1, M2, MATE2; C+, 
Positive control, CrPrx1; M, Molecular weight marker, GeneRulerTM DNA Ladder Mix (Thermo Scientific). 
Images above represent the origin of the mRNA. Oligo(dT) refers to cDNA reverse transcribed with 
oligo(dT) primers, corresponding to total mRNA; GSP refers to cDNA reverse transcribed using Gene 
Specific Primers, which should be enriched in the target genes. These images correspond to non-
contiguous lanes of the same gel. 
The MATE2 PCR product was purified and ligated to the cloning vector pGEM-T easy 
to stabilize the DNA and facilitate the sub-cloning tasks. E. coli DH5α cells, freshly 
prepared as described in Appendix 1, were transformed with the construct MATE2-
pGEMT and colony PCR screening was performed to identify positive clones. The 
reaction was set with the universal primers M13, which amplify the complete insert 
(approx. 1.5 kb) and enabled to detect that three of the tested colonies were positive, 
since a 1.5 kb DNA band was clearly visible (Fig. 14). 
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Fig. 14 – Colony PCR screening after transformation with MATE2-pGEMT. M, Molecular weight marker, 
GeneRulerTM DNA Ladder Mix (Thermo Scientific). Colonies 2, 3 and 5 are positive. 
The pDNA of the cloned sequences was recovered by the alkaline lysis miniprep 
method from E. coli cells, sequenced, and the resulting sequence was aligned with the 






Fig. 15 – Alignment between the MATE2 sequences retrieved from MPGR and PhytoMetaSyn databases, 
and the sequence cloned from C. roseus (CrMATE2). Only the regions with differences are shown. The 
complete alignment is shown in Appendix 3. Differences are shown in black and blue. 
Since the DNA alignment of MATE2 sequences with different origins showed a few 
differences (Fig. 15), the sequences were translated to protein for a new comparison. 
Neither MPGR nor PhytoMetaSyn transcripts encoded a complete protein; in 
consequence the alignment was performed with the protein sequence directly retrieved 
from the MPGR database (Fig. 16).  
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Fig. 16 – Alignment between the MATE2 protein sequence retrieved from MPGR and the translated DNA 
sequence of MATE2 cloned from C. roseus. Differences are shown in black and blue. 
Since there was not a perfect match between the sequences, a new alignment, 
including various homologous proteins, was performed (Fig. 17). This alignment 
confirmed our sequencing result, since most of the amino acid residues of the 
CrMATE2 sequence matches residues in the homologous proteins, whereas the 
protein sequence retrieved from the MPGR only matches one. Additionally, the 
alignment in Fig. 17 confirmed that we had successfully isolated and cloned the full 
cDNA sequence of the MATE2 transporter gene from C. roseus. 
 
Fig. 17 – Alignment between the translated DNA sequence of MATE2 cloned from C. roseus (CrMATE2), 
the MATE2 protein sequence retrieved from MPGR and some homologous proteins. Differences are 
shown in black and blue. 
As previously shown in Fig. 12 and 13, it was not possible to amplify MATE1 to a 
detectable level using 50 cycles or touchdown PCR. Therefore, two round-PCR 
strategies were tested. In the first strategy, the second round was performed on the 
product of the first round, using the same primers for the full coding sequence. In the 
second strategy, a hemi-nested PCR was performed, in which the forward primer of 
round one was designed outside the target sequence. The advantage of nested or 
hemi-nested PCR reactions is that they avoid the amplification of unspecific products, 
whose probability increases with the number of cycles, since it is unlikely that two 
different pair of primers re-amplify the same undesired sequences. All other 
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parameters were as described in section 3.3 of Materials and Methods. In a first 
attempt, the same DNA templates previously tested were used, however, it was not 
possible to detect any amplification.  
 
With the aim of circumventing this difficulty, RNA extracted from protoplasts isolated 
from seedlings, and from 1-month, 2-month and 4-month old plants was tested in hemi-
nested PCR, which was expected to have a better performance than two rounds of 
conventional PCR. The RNA was reversed transcribed with oligo(dT) as reverse 
primers, since they had shown to yield better results than GSP in previous reactions 
(Fig.12). Doubling the concentration of DNA in the second PCR reaction was also 
tested. As shown in Fig. 18, the protoplasts from 1-month old plants yielded the best 
results and, unexpectedly, the reactions with less template amplified more product. 
 
 
Fig. 18 – Amplification of MATE1 with hemi-nested PCR. The sources of the templates for the first round 
were protoplasts from seedlings, and from 1-month, 2-month and 4-month old plants. A, B: Usual or 
doubled concentration of cDNA in the first round, respectively; C+, Positive control, CrPrx1; M, Molecular 
weight marker, GeneRulerTM DNA Ladder Mix (Thermo Scientific). These images correspond to non-
contiguous lanes of the same gel. 
To improve the specificity of the amplification, the number of cycles for the first round 
was reduced to 25, with a corresponding increase in the number of cycles of the 
second round to 45 or 50, and the concentration of dNTPs was reduced from 0.2 mM 
to 0.12 mM. In all reactions, a remarkable increase of the bands intensity was observed 
(Fig. 19). When compared with reactions performed at the original conditions, the 
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difference is more noticeable (last lane in the figure). The decrease in the dNTPs 
concentration further improved the quality of the band (Fig. 19). 
 
Fig. 19 – Optimization of the amplification of MATE1 with hemi-nested PCR. Above each lane is shown the 
dNTPs concentration (mM) of the respective reaction. M, Molecular weight marker, GeneRulerTM DNA 
Ladder Mix (Thermo Scientific). 
The band corresponding to the amplified MATE1 gene was excised from the gel, and 
the DNA of interest was recovered, purified and then ligated to the cloning vector. 
However, it was not possible to introduce the MATE1-pGEMT construct into E. coli 
DH5α cells, since no bacterial growth was observed after transformation. 
Consequently, to avoid a possible “leaky” expression of MATE1 that could be toxic for 
the bacteria and, the XL1-Blue strain was tested. The cells were freshly prepared as 
described in Appendix 1, and transformed as before. The positive clones were selected 
by colony PCR with primers M13, which amplified the insert with approx. 1.5 kb, as can 
be seen in Fig. 20.  
 
Fig. 20 – Colony PCR screening after transformation with MATE1-pGEMT. M, Molecular weight marker, 
GeneRulerTM 1 kb DNA Ladder (Thermo Scientific). Colonies 1 and 4 are positive. 
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The pDNA was recovered and sequenced as already described for MATE2. The DNA 
sequence of the cloned MATE1 was translated and aligned with the protein retrieved 
from the MPGR database. Since the PhytoMetaSyn transcript did not translate to a 
complete protein, it was not taken into account for the alignment. As seen in Fig. 21, 
there was a single difference in one amino acid with the MPGR MATE1 sequence. 
 
 
Fig. 21 – Alignment between the MATE1 protein sequence retrieved from MPGR and the translated DNA 
sequence of MATE1 cloned from C. roseus (CrMATE1). Differences are shown in black and blue. 
In an attempt to elucidate the correct sequence, an alignment was performed with the 
most similar proteins, but there was no consensus about the amino acid in that 
position. It was concluded that the difference could correspond to a polymorphism and 
that we had successfully isolated and cloned the full cDNA sequence of the MATE1 
transporter gene from C. roseus. 
 
The next step was to sub-clone the MATE genes into the plant and yeast expression 
vectors pTH2, pTH2-BN, pUG23 and pUG34 (Fig. 22), to produce fusion genes with 
the gene of GFP, that would generate N-terminus protein fusions with GFP (pTH2 and 
pUG23) and C-terminus protein fusions with GFP (pTH2-BN and pUG34). For this, the 
DNA from the pGEM-T easy MATE clones was used as template to amplify the 
transporters full coding sequences, using primers that added the appropriate restriction 
sites to allow directional sub-cloning. The conditions were as described in section 3.3.1 
of Materials and Methods. As shown in Fig. 23, the MATE transporters full coding 
sequences were successfully amplified with the addition of the restriction sites, with the 
exception of MATE2 for cloning into pTH2-BN. 
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Fig. 22 – Schematic representation of the expression vectors pTH2, pTH2-BN, pUG23 and pUG34. Color 
code: black, promoter; dark grey, terminator; blue, ampicillin resistance; orange, HIS3 marker. 
 
 
Fig. 23 – Amplification of MATE1 and MATE2 for sub-cloning into plant and yeast vectors generating GFP 
fusions. A, For sub-cloning into pTH2 (1) and pTH2-BN (2); These images correspond to non-contiguous 
lanes of the same gel. B, For sub-cloning into pUG23 (3) and pUG34 (4). M, Molecular weight marker, 
GeneRulerTM DNA Ladder Mix (A) or GeneRulerTM 1 kb DNA Ladder (B) (Thermo Scientific). 
To improve the efficiency and selectivity of the hybridization of the primers with the 
DNA, the amplification of MATE2 for cloning into pTH2-BN was performed by 
touchdown PCR as described in section 3.3.3 of Materials and Methods. The target 
DNA was thereby amplified to a level comparable to that obtained in MATE2 
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amplification for cloning into pTH2 with a conventional PCR, as inferred from its band 
intensity in Fig. 24. 
 
Fig. 24 – Amplification of MATE2 for sub-cloning into the plant vector pTH2-BN. N, for N- terminus fusion 
with GFP (pTH2), amplified by conventional PCR; C, for C- terminus fusion with GFP (pTH2-BN), amplified 
by touchdown PCR; M, Molecular weight marker, GeneRulerTM DNA Ladder Mix (Thermo Scientific). 
These images correspond to non-contiguous lanes of the same gel. 
Before performing the ligations of the amplified MATE sequences with the vectors, it 
was necessary to test the integrity of the expression vectors (Fig. 22) by digestion with 
restriction endonucleases as shown in Fig. 25.  
 
Fig. 25 –Restriction analysis of the expression vectors pTH2 (A), pTH2-BN (B), pUG23 and pUG34 (C). A, 
B: Digestion with XbaI (1, 6) excised the 35S promoter; digestions with NcoI (2, 5) or SalI (3, 4) linearized 
the DNA. C: Digestion with KpnI excised a 1 kb fragment of pUG34 (7) and pUG23 (9); digestion with 
BamHI linearized pUG34 (8) and pUG23 (10). M, Molecular weight marker, GeneRulerTM DNA Ladder Mix 
(A, B) or GeneRulerTM 1 kb DNA Ladder (Thermo Scientific) (C). The image in C contains non-contiguous 
lanes of the same gel. 
The plasmids for transient expression in C. roseus protoplasts (pTH2 and pTH2-BN) 
were digested with SalI, NcoI or BglII to correctly assess their molecular weight. As 
expected, the restrictions with SalI and NcoI generated a band with ~4100 bp, while the 
digestion with BglII excised the 35S promoter (~400 bp) (Fig. 25A and B). Similarly, the 
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plasmids for expression in yeast (pUG23 and pUG34) were digested with BamHI to 
linearize the DNA, giving rise to a band with ~6300 bp, or with KpnI to excise a 
fragment of ~1000 bp (Fig. 25 C and D). All bands were in the expected sizes, 
confirming the integrity of the expression vectors. 
 
The amplified full coding sequences of MATE1 and MATE2 were cloned in frame with 
GFP between the restriction sites shown in Table 11. This way, the constructs in Table 
13 were generated. Transformations of XL1-Blue cells with the obtained constructs 
were unfruitful, leading to the need to test other E. coli strains such as TOP10, 
characterized by its high transformation efficiency, and SURE, appropriate for DNA 
difficult to clone. The DNA was successfully cloned into the TOP10 cells. In the case of 
the cloning of MATE1 and MATE2 into the plant expression vectors pTH2 and pTH2-
BN, the positive clones were identified by restriction analysis, since few colonies were 
obtained in the plate (<6) (Fig. 26, A and B). The screening of colonies transformed 
with MATE1 or MATE2 in the yeast expression vectors pUG23 and pUG34 was 
performed by colony PCR with primers for the full coding sequences, to give rise to a 
band of ~1500 bp (Fig. 26, C and D). 
 
Table 13. Summary of the constructs generated for C. roseus MATE1 and MATE2 
transporters. 




pGEM®-T easy Cloning vector - - 
























MET25::MATE1-yEGFP         
MET25::MATE2-yEGFP 
a
 In Niwa et al. (1999); b In Kuijt et al. (2004); c In Niedenthal et al. (1996). 
 
The pDNA of the confirmed positive colonies (Fig. 26) was recovered by the alkaline 
lysis miniprep method. Sequencing and alignment of the obtained sequences with the 
sequences retrieved from the primary cloning is shown in Appendix 4, and confirmed 
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that MATE1 and MATE2 had been successfully subcloned into pTH2, pTH2-BN, 
pUG23 and pUG34 (Table 13).  
 
 
Fig. 26 –Screening of positive clones from sub-cloning of MATE1 and MATE2 in plant and yeast vectors. 
A, B: Cloning of MATE1 and MATE2 into pTH2-BN (A) and pTH2 (B) was identified by restriction analysis. 
A: lanes 1 to 7, digestions performed with EcoRI of 5 colonies of MATE1 into pTH2-BN (1 to 5) and 2 
colonies of MATE2 into pTH2-BN (6, 7); lanes 8 to 14, digestions performed with BglII and SalI on the 
same colonies. One colony of each clone was positive (lanes 2, 7, 9 and 14). B: lanes 1 to 10, 5 colonies 
of MATE1 into pTH2; lanes 11 and 12, 1 colony of MATE2 into pTH2. The digestions were performed with 
EcoRI (even lanes) or NcoI and SalI (odd lanes). All colonies were positive. C: Colony PCR of the cloning 
of MATE1 (1 to 8) and of MATE2 (9 to 17) into pUG34. All the colonies were positive. D: Colony PCR of 
the cloning of MATE1 (1 to 8) and of MATE2 (9 to 11) into pUG23. All the colonies were positive. M, 
Molecular weight marker, GeneRulerTM 1 kb DNA Ladder (Thermo Scientific). The images A, C and D 
contain non-contiguous lanes of the same gel.  
 
2. Molecular cloning of the ABCC1 transporter gene from C. roseus 
 
One of the tags shown to be significantly up-regulated in the TIA accumulating 
idioblasts by the differential transcriptomic profiling previously performed by our group 
(Carqueijeiro, 2013), was identified as belonging to the “Multidrug resistance protein 
ABC transporter family”, subfamily C, and in consequence was called ABCC1. This 
transporter was also present in a proteomic survey of C. roseus mesophyll vacuoles 
peerfomed by Carqueijeiro (2013) and, therefore, the ABCC1 gene is a very interesting 
candidate to TIA transmembrane transport and was set as a target of this work for 
isolation and cloning. 
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2.1. Modification of pTH2  
 
As the restriction sites for the insertion of the target sequence into pTH2 were also 
present in the ABCC1 sequence, there was the need to change the pTH2 plasmid in 
order to insert two new restriction sites in the plasmid polylinker that were not present 
in the ABCC1 sequence. The strategy used to modify pTH2 is schematized in Fig. 27 
and involved the amplification of the full plasmid sequence with primers designed 
outwards of a single origin, to which extensions that included the restriction sites to be 
inserted (SpeI and XhoI) were added. The XhoI recognition site was present in the 
extensions of the two primers, so that both the 3’- and the 5’- terminals of the amplified 
product ended in this sequence. Re-ligation of the plasmid was achieved by digesting 




Fig. 27 – Scheme of the procedure used to introduce two new restriction sites in pTH2. The original 
plasmid was amplified with primers pTH2_Rev and pTH2_Fwd2 that included the restriction sites to be 
inserted in the plasmid polylinker (SpeI and XhoI). The XhoI recognition site was present in both primers to 
generate a PCR product that, after digestion with this restriction endonuclease, allowed the reconstitution 
of its sequence by ligation. 
The conditions of the PCR reaction were the same as for ABCC1 below, since the size 
of the amplicon and of the primers were similar to those of the transporter. As the 
results were satisfactory, no further optimization was performed.  
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Fig. 28 – Amplification of pTH2 (≈ 4.1 kb) to modify its polylinker. M, Molecular weight marker, 
GeneRulerTM 1 kb DNA Ladder (Thermo Scientific).  
The amplified pTH2 was purified, then digested with XhoI and re-ligated, as described 
above. E. coli TOP10 competent cells were transformed with the ligation. The 
screening of positive clones was performed by colony PCR with the universal primers 
M13 which amplified a region of approx. 1400 bp, corresponding to the 35S promoter, 
sGFP and the nos-terminator. The results are shown in Fig. 29. 
 
Fig. 29 – Screening of positive clones in pTH2 modificated by colony PCR with primers M13. Colonies 4 to 
9 were positive.  
Sequencing of the pDNA recovered by the alkaline lysis miniprep method, and further 
alignment with the original pTH2 polylinker sequence (Fig. 30) showed that the pTH2 
plasmid had been successfully modified to include the restriction sites SpeI and XhoI in 
its polylinker, although, for unknown reasons, an 8 bp sequence was inserted between 
them. 
 
Fig. 30 – Alignment of the pTH2 original and modified sequences. Underlined in blue, NcoI restriction site; 
in black, XhoI inserted restriction site; in orange, SpeI inserted restriction site; in green, sGFP coding 
sequence start. The original pTH2 sequence is shown in red, and the inserted region is shown in blue. 
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2.2. Cloning of CrABCC1 
 
BLAST search of the ABCC1 tag using the MPGR database, allowed the retrieval of 
various sequences. The best hits are shown in Table 14.  
 
Table 14. Results of the BLAST search in the MPGR database using the ABCC1 tag 
sequence. 
Accession code Hit Score E value Coverage Identity 
cra_locus_1810_iso_7_len_4881_ver_3 2465 3.7e-106 98.03% 99.60% 
cra_locus_1810_iso_3_len_4362_ver_3 1860 4.2e-84 74.21% 99.47% 
cra_locus_1810_iso_10_len_4796_ver_3 1860 7.2e-84 74.21% 99.47% 
cra_locus_1810_iso_6_len_5044_ver_3 1860 9.2e-84 74.21% 99.47% 
cra_locus_1810_iso_4_len_1719_ver_3 1545 4.1e-65 61.81% 99.37% 
 
According to the results, the first hit showed a high probability of being the transcript of 
interest, and the respective cDNA full sequence and putative protein sequence were 
retrieved from the MPGR database. Information given by the database concerning this 
hit is shown in Appendix 3. To confirm the correction of the retrieved protein sequence, 
the translation of the nucleotide sequence was performed and revealed the same 
protein sequence as the one given by the database. Translation was performed in the 
reverse complement version of the given nucleotide sequence, since it aligned with the 
tag in the minus to plus direction. The full coding and protein sequences of this MPGR 
locus were determined and compared to those retrieved from PhytoMetaSyn and 
ORCAE databases, as performed with the MATE transporters. The most similar 
sequences obtained are shown in Appendix 3, and their alignment with the MPGR 
sequence is shown in Fig. 31. 
 
A few differences were detected between the three sequences, with the ORCAE 
sequence lacking 11 nucleotides at the 5’ end and 60 in the middle of the sequence, 
these later completely changing the open reading frame, resulting in premature stop of 
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Fig. 31 – Alignment of the retrieved nucleotide sequences for ABCC1 obtained from the MPGR, 
PhytoMetaSyn and ORCAE databases. Only the regions with differences are shown. The complete 
alignment is shown in Appendix 3. Blue corresponds to regions with differences between the aligned 
sequences, red corresponds to regions common to all aligned sequences. 
 
As for MATE1 and MATE2, the selected sequences were used to design primers for 
the amplification of the full coding sequence of ABCC1. The strategies used for the 
amplification of the MATE transporters were unsuccessful when applied to ABCC1, 
possibly due to its big size: approx. 4.5 kb compared with 1.5 kb for MATE1 and 
MATE2 respectively. In consequence, a fragment of approximately 2.6 kb and another 
of approximately 1.8 kb (Fig. 32), which were easily amplified, were joined together in 
an overlap extension PCR (OE-PCR) (Yolov & Shabarova, 1990), as schematized in 
Fig. 33. In short, the two halves of the target sequence are amplified in independent 
PCR reactions (Round 1) to generate two complementary products overlapped in a 
short region (30 bp) whose size is that of the internal primer (orange). In the second 
round of PCR, the two halves are both used as templates, and amplification of the full 
coding sequence occurs by the annealing of the 5’- and 3’-terminal primers (blue and 
purple) to the single-stranded DNA template, and by the annealing of the overlapping 
regions between them (orange).  
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Fig. 32 – ABCC1 fragments used for overlap extension (OE) PCR. Red, fragment 1 (2630 bp); blue, 
fragment 2 (1834 bp); black, overlapping region, also corresponding to ABCC1FwdOE and ABCC1RevOE 
primers sequence. 
 
To select the most suitable source of RNA for amplification of the two ABCC1 
fragments, they were amplified from reverse transcribed RNA obtained from leaves of 
mature plants, and from protoplasts of seedlings and of mature and young plant leaves, 
using DreamTaq DNA polymerase. As shown in Fig. 34, the strongest band intensity 
was achieved with cDNA from protoplasts from mature plant leaves as template, which 
in consequence was selected for further experiments. 
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Fig. 33 – Schematic representation of overlap-extension (OE) PCR. Arrows represent primers. In blue and 
purple are depicted complementary DNA sequences. The overlapping sequence, also corresponding to 
the internal primers, is shown in orange. 
 
Fig. 34 – Amplification of ABCC1 fragments for OE-PCR with DNA templates obtained from mature plant 
leaves, and from protoplasts of young and mature plants and of seedlings. F1, Fragment 1; F2, fragment 
2; M, Molecular weight marker, GeneRulerTM DNA Ladder Mix (Thermo Scientific). 
 
In order to compare the effect of the presence/absence of the A-caps added by Taq-
type polymerases on the efficiency of the overlapping reaction, the fragments were 
amplified with Pfu DNA polymerase (Thermo Scientific), which produces blunt-ends, 
and with DreamTaq DNA polymerase (Thermo Scientific), a Taq derivative. As 
observed in Fig. 35, the amplification with Pfu DNA polymerase was less efficient than 
the amplification with DreamTaq DNA polymerase. Despite this fact, all bands were 
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purified and used as templates for overlapping reactions. Under the normal conditions, 
no overlapping was obtained.  
 
Fig. 35 – Amplification of ABCC1 fragments with Pfu and DreamTaq DNA polymerases. F1, Fragment 1; 
F2, fragment 2; M, Molecular weight marker, GeneRulerTM DNA Ladder Mix (Thermo Scientific). These 
images correspond to non-contiguous lanes of the same gel. 
 
Numerous experiments were performed to try to get the full coding sequence of 
ABCC1 through OE-PCR: since the efficiency of the amplification showed to be highly 
influenced by the polymerase, high performance enzymes – FideliTaq® (Affimetrix) and 
AmpliTaq Gold® (Applied Biosystems) DNA polymerases – were tested. To minimize 
the probability of misprimings and to improve the efficiency of the amplification (Henke 
et al., 1997; Sambrook, 2001), DMSO and/or betaine were added to the reaction. In 
general, the PCR programs were more than 5 hours long, demanding a prolonged 
activity of the polymerase. In some assays, to guarantee that some enzyme was still 
active in the last cycles, the extension temperature was lowered from 72ºC to 68ºC, as 
recommended by the manufacturer. In one of the tests, the primers were added at the 
10th cycle to allow auto-priming of the templates (Wurch et al., 1998). Variations in 
number of cycles, Mg2+ concentration and time and temperature of annealing intended 
to minimize unspecific amplification were also tested. No band was ever observed at 
the expected size in the agarose gels. 
As the above OE-PCR experiments were unfruitful, new tests were performed using a 
higher performance polymerase – ExactRun DNA polymerase (Genaxxon). Besides 
the overlap strategy, a conventional PCR was also tested. The PCR programs were 
run at two Ta – 50 and 55ºC. The results are shown in Fig. 36. In the lanes 
corresponding to the conventional PCR with addition of betaine, or DMSO and betaine, 
were observed faint bands around 4.5 kb, which coincides with the expected size of the 
ABCC1 full coding sequence. 
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Fig. 36 – Amplification of ABCC1 with ExactRun DNA polymerase using conventional PCR (Conv. PCR) or 
OE-PCR at different annealing temperatures. 1 M betaine and/or 4% DMSO were used as additives. M, 
Molecular weight marker, GeneRulerTM 1 kb DNA Ladder (Thermo Scientific). The arrow indicates the size 
of the expected ABCC1 band. 
 
With the objective to increment the number of DNA copies, a nested-PCR strategy was 
used (see explanation in chapter 1 of Results). To optimize the first round, a gradient in 
which three Ta were tested – 52ºC, 54ºC and 56ºC – was performed. The effect of the 
addition of betaine with or without addition of DMSO was also evaluated. For 
comparison, the fragment 2 from OE-PCR was also amplified. As shown in Fig. 37, the 
addition of DMSO in conjunction with annealing temperatures at 56ºC or 54ºC yielded 
the best results. 
 
Fig. 37 – Optimization of the first round of nested-PCR for ABCC1 amplification at three annealing 
temperatures. Reactions were performed with or without DMSO as additive. F2, fragment 2; M, Molecular 
weight marker, GeneRulerTM 1 kb DNA Ladder (Thermo Scientific). The arrow indicates the size of the 
expected ABCC1 band. 
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The products of the reactions with higher amplification were used as templates in the 
second round. A gradient was performed to test Ta of 58ºC, 56ºC and 54ºC. The target 
sequence was successfully amplified in the three reactions, and no remarkable 
differences were observed between their band intensities (Fig. 38).  
 
Fig. 38 – Optimization of the second round of nested-PCR for the ABCC1 amplification. Were tested three 
annealing temperatures (Ta) and two different templates. M, Molecular weight marker, GeneRulerTM 1 kb 
DNA Ladder (Thermo Scientific). The arrow indicates the size of the expected ABCC1 band. These 
images correspond to non-contiguous lanes of the same gel. 
 
The bands were excised from the gel and the DNA recovered. The pure product was 
ligated to pGEM-T easy. Primary cloning was performed into E. coli TOP10 cells 
freshly prepared as described in Appendix 2, since this strain had given the best results 
in the cloning of MATE1 and MATE2 (chapter 1). Positive clones were identified by 
colony PCR with the primers ABCC1FwdOE and ABCC1Rev that amplify a region of 
approximately 1.8 kb (Fig. 39). Only the colonies that gave rise to strong bands were 
considered as positive. 
 
Fig. 39 – Colony PCR screening after transformation of E. coli TOP10 cells with ABCC1-pGEMT. M, 
Molecular weight marker, GeneRulerTM 1 kb DNA Ladder (Thermo Scientific). Colonies 3, 10, 12, 15 and 
17 are positive. 
The pDNA was recovered by the alkaline lysis miniprep method, and then sequenced 
and translated to protein. The resulting amino acid sequence was aligned with those 
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obtained by translation of the transcripts retrieved from MPGR and PhytoMetaSyn 
databases, as shown in Fig. 40. There was a perfect match between the 
PhytoMetaSyn and the cloned sequences, confirming that the C. roseus ABCC1 gene 
had been successfully isolated and cloned. A difference in two amino acids was 
observed with the MPGR sequence, possibly corresponding to a polimorphism. 
 
 
Fig. 40 – Alignment between the protein sequences retrieved from MPGR and PhytoMetaSyn, and the 
protein sequence deduced for the cloned ABCC1 (CrABCC1). Only regions with differences are shown. 
The complete alignment is shown in Appendix 3. Sequence differences are in blue or black. 
 
For sub-cloning of ABCC1 into the plant and yeast expression vectors pTH2, pTH2-BN, 
pUG23 and pUG34, the cloned ABCC1 DNA was used as template to amplify the 
transporter full coding sequence. Since the modification of pTH2 took place 
simultaneously with the amplification of ABCC1 for sub-cloning, the first attempts to 
obtain the ABC transporter were performed with primers containing the appropriate 
restriction sites for directional cloning into the remaining expression vectors. 
Tests performed under the conditions for the primary cloning did not result in 
detectable amplification of ABCC1 from the plasmid where it had been cloned.  
Annealing temperatures from 52ºC to 62ºC were tested without satisfactory results. 
Taking into account that the size of the primers is larger in this case than in primary 
cloning, and that it is recommended by the manufacturer of the enzyme to use higher 
Ta than usual in some cases, a test was performed at Ta of 65ºC. As shown in Fig. 41, 
a faint amplification was obtained. 
 
In an attempt to fine-tune the reaction conditions, a gradient of Ta was performed, to 
test 67ºC, 69ºC and 70ºC. For comparison, a reaction at 65ºC was also included. As 
shown in Fig. 42, at higher annealing temperatures the efficiency of the reaction 
decreases. In consequence, the best annealing temperature for the amplification of 
ABCC1 was 65ºC and therefore, the amplification of ABCC1 for cloning into pTH2 was 
performed under this condition, yielding similar results than the PCR for cloning into the 
remaining expression vectors (shown in Fig. 41). 
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Fig. 41 – Amplification of ABCC1 for sub-cloning into expression vectors pTH2-BN (1), pUG23 (2) and 
pUG34 (3). M, Molecular weight marker, GeneRulerTM 1 kb DNA Ladder (Thermo Scientific). These 
images correspond to non-contiguous lanes of the same gel. The arrow indicates the size of the expected 
ABCC1 band. 
 
Fig. 42 – Optimization of ABCC1 amplification, for sub-cloning into expression vectors, at different 
annealing temperatures. M, Molecular weight marker, GeneRulerTM 1 kb DNA Ladder (Thermo Scientific). 
The arrow indicates the size of the expected ABCC1 band. 
 
The test of the integrity of the expression vectors to be used had already been 
performed for the cloning of MATE1 and MATE2 (Fig. 25), except for the case of the 
modified pTH2. Therefore, the suitability of the modified version of pTH2 was tested by 
digestion with SpeI and XhoI. As expected, the restrictions generated a band with 
~4100 bp (Fig. 43), corresponding to the linearized plasmid. 
 
Fig. 43 – Restriction analysis of the modified version of the expression vector pTH2. Digestion with SpeI or 
XhoI linearized the DNA. 
56 FCUP 
Cloning and characterization of transporter genes potentially involved in the transmembrane transport of the 
alkaloids from the medicinal plant Catharanthus roseus (L.) G. Don. 
The amplified full coding sequence of ABCC1 was cloned in frame with GFP between 
the restriction sites shown in Table 11. In this way, the constructs in Table 15 were 
generated. All clones were identified through colony PCR as described for primary 
cloning, giving rise to a band of approximately 1.8 kb (Fig. 44). 
 
Table 15. Summary of the constructs generated for C. roseus ABCC1. 




















MET25 Inducible MET25::ABCC1-yEGFP 
a
 In Niwa et al. (1999); b In Kuijt et al. (2004); c In Niedenthal et al. (1996). 
 
Fig. 44 –Screening of positive clones from sub-cloning of ABCC1 in plant and yeast vectors, by colony 
PCR. A: Cloning into pTH2. Colonies 2, 4, 10 and 14 were considered as positive. B: Cloning into pTH2-
BN. Colonies 2 to 6 were considered as positive. C: Cloning into pUG23. Colonies 1 to 4, 6 to 8, 10 to 12 
and 15 were considered as positive. D: Cloning into pUG34. Colonies 3, 4, 5 and 8 were considered as 
positive. M, Molecular weight marker, GeneRulerTM 1 kb DNA Ladder (Thermo Scientific). The image H 
contain non-contiguous lanes of the same gel. 
 
The pDNA of the positive colonies was recovered by the alkaline lysis miniprep 
method, then sequenced and confirmed by alignment with the sequence retrieved from 




Cloning and characterization of transporter genes potentially involved in the transmembrane transport of the 
alkaloids from the medicinal plant Catharanthus roseus (L.) G. Don. 
the primary cloning. The results were not satisfactory as all the sequenced clones had 
an insertion of approx. 80 bp, as shown in Fig. 45. Therefore, at this stage, the ABCC1 
gene cannot be considered as successfully sub-cloned in the expression vectors. 
 
Fig. 45 – Alignment between the ABCC1 sequence obtained from primary cloning (CrABCC1) and the 
sequencing results of the sub-cloning of its coding sequence into the plant and yeast expression vectors. 
(pTH2, pTH2-BN, pUG23 and pUG34). The differences between the first sequence and the remaining are 
due to an insertion between positions 2293 and 2373. The regions common to all sequences are shown in 
red; the nucleotides that are equal only in the sub-cloning sequences are shown in blue, and the 
sequences that only appear in the primary cloning sequence are shown in black. 
 
3. In silico analysis of secondary structure, signatures and domains 
for the C. roseus MATE1, MATE2 and ABCC1 transporters 
 
The full coding sequences and predicted protein sequences of the C. roseus MATE1, 
MATE2 and ABCC1 transporters isolated and cloned in this work, are represented in 
Fig. 46 to 48.  
The Conserved Domains Search tool (Marchler-Bauer et al., 2013) was used to search 
for signatures and domains specific of each transporter family. In the sequences of 
MATE1 and MATE2, 9 amino acids were identified as belonging to the putative cation 
binding site (Fig. 46 and 47), the only well conserved region among all members of the 
MATE family. For ABCC1, 4 regions were identified. From N- to C- terminus, an “ABC 
membrane” domain, an “ABCC-MRP-domain1”, another “ABC membrane” and an 
“ABCC-MRP-domain2”. Into the first ABCC-MRP domain were identified the Walker A 
and Walker B domains, and the ABC signature motif (Fig. 48). These structures were 
also identified into the second ABCC-MPR domain by comparison with other 
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     1   M  E  E  A  L  L  H  A  E  N  K  D  R  R  T  E  A  T  W  K  
     1  ATGGAAGAGGCATTGCTGCATGCAGAAAACAAAGATAGAAGAACGGAAGCAACATGGAAG 
 
    21   T  G  F  I  E  E  A  K  K  V  N  R  I  A  I  P  M  I  V  V  
    61  ACGGGTTTTATAGAAGAAGCAAAAAAAGTGAACAGAATAGCAATTCCAATGATAGTAGTG 
 
    41   T  V  S  Q  Y  L  L  R  V  S  P  I  F  M  L  G  H  L  G  E  
   121  ACAGTTTCTCAGTACCTCTTAAGGGTTTCTCCAATTTTTATGTTGGGACATCTGGGTGAA 
 
    61   L  S  L  P  S  A  S  I  A  T  S  L  C  N  V  T  G  F  S  F  
   181  CTCTCTCTTCCAAGTGCCTCCATCGCCACTTCCCTTTGTAATGTTACCGGTTTCAGTTTT 
 
    81   L  F  G  M  S  S  A  L  E  T  L  C  G  Q  A  Y  G  A  G  Q  
   241  CTTTTTGGGATGTCAAGTGCACTAGAGACTTTATGTGGGCAAGCTTATGGAGCAGGACAA 
 
   101   Y  K  K  L  G  T  Y  T  Y  G  A  I  I  C  L  F  L  V  C  I  
   301  TATAAAAAACTCGGAACTTACACTTATGGTGCAATCATATGCCTATTTCTTGTTTGCATA 
 
   121   P  V  S  V  L  W  I  F  A  D  K  L  L  I  L  T  G  Q  D  P  
   361  CCGGTTTCTGTCCTATGGATCTTTGCAGACAAACTGTTAATATTAACTGGCCAGGACCCT 
 
   141   L  I  A  T  E  A  G  K  C  A  I  W  L  I  P  T  L  F  P  Y  
   421  TTGATTGCAACTGAGGCAGGCAAATGTGCAATTTGGCTTATTCCTACTTTATTCCCTTAT 
 
   161   A  I  L  Q  S  L  V  R  F  L  Q  T  Q  S  L  V  L  P  M  L  
   481  GCCATTCTTCAGTCATTGGTTAGATTTCTACAGACTCAAAGTTTAGTTCTGCCAATGCTT 
 
   181   L  S  S  V  A  A  L  C  F  Q  V  P  L  C  W  V  F  V  F  K  
   541  TTGAGTTCAGTTGCAGCTCTATGTTTCCAAGTGCCTCTTTGTTGGGTTTTCGTATTTAAG 
 
   201   L  N  F  G  N  V  G  A  A  L  S  I  T  V  S  C  W  L  N  A  
   601  TTGAATTTTGGTAATGTTGGAGCAGCTTTGTCCATTACGGTGTCGTGTTGGTTAAATGCA 
 
   221   I  F  L  V  L  Y  V  K  Y  S  P  A  C  K  K  T  W  V  P  L  
   661  ATATTTCTTGTACTTTATGTGAAGTATTCTCCTGCTTGTAAGAAGACATGGGTTCCCTTA 
 
   241   S  T  D  V  F  K  T  I  G  E  F  F  R  F  A  I  P  S  A  V  
   721  TCAACAGATGTTTTCAAGACAATCGGTGAATTCTTCCGGTTTGCTATCCCTTCTGCCGTA 
 
   261   M  V  C  L  E  W  W  S  F  E  L  V  V  L  L  S  G  L  L  P  
   781  ATGGTTTGTTTGGAGTGGTGGTCATTTGAGCTAGTTGTATTACTCTCTGGATTGTTGCCA 
 
   281   N  P  K  L  E  A  S  V  L  S  I  C  F  T  M  T  S  L  H  Y  
   841  AATCCAAAGCTAGAGGCCTCTGTGCTGTCTATATGCTTTACAATGACATCACTTCACTAC 
 
   301   H  I  P  Y  P  F  G  A  A  A  S  T  R  V  S  N  E  L  G  A  
   901  CATATACCATACCCTTTTGGGGCTGCTGCAAGCACTCGGGTTTCAAACGAATTAGGTGCT 
 
   321   G  N  P  S  A  A  K  V  A  L  C  V  V  V  I  L  E  A  A  E  
   961  GGTAATCCATCGGCAGCAAAGGTGGCTCTTTGTGTGGTAGTGATTCTAGAGGCAGCTGAG 
 
   341   F  F  V  A  S  I  T  M  F  A  C  R  S  L  L  G  Y  A  F  S  
  1021  TTTTTTGTGGCAAGCATCACCATGTTTGCATGCCGTTCTTTACTTGGATATGCATTTAGT 
 
   361   H  E  K  E  V  V  D  Y  V  K  R  M  T  P  L  L  C  L  S  F  
  1081  CATGAGAAAGAAGTTGTTGATTATGTGAAGCGAATGACTCCTCTTCTATGCCTTTCCTTC 
 
   381   I  M  D  S  L  Q  A  L  L  S  G  V  A  G  G  S  G  W  Q  H  
  1141  ATAATGGACAGTTTACAAGCATTATTATCAGGAGTAGCAGGAGGGAGTGGATGGCAACAT 
 
   401   L  G  A  Y  V  N  L  G  A  Y  Y  L  V  G  I  P  V  A  L  L  
  1201  CTTGGTGCCTATGTCAACCTTGGGGCATATTATCTGGTAGGAATACCAGTGGCATTACTG 
 
   421   L  G  F  V  W  H  L  R  G  L  G  L  W  S  G  L  V  A  G  A  
  1261  CTGGGATTTGTTTGGCATCTAAGAGGATTAGGCCTCTGGAGTGGTCTTGTGGCTGGTGCT 
 
   441   T  V  Q  S  I  M  L  S  L  I  T  S  L  T  N  W  E  K  Q  A  
  1321  ACTGTTCAATCTATCATGCTTTCATTGATCACAAGTCTAACAAACTGGGAAAAACAGGCA 
 
   461   N  E  A  R  Q  R  M  F  E  G  S  S  K  N  -  
  1381  AATGAAGCAAGACAAAGAATGTTTGAGGGATCAAGCAAAAACTGA 
 
 
Fig. 46 – Full coding and protein sequences of the transporter MATE1 from C. roseus. In grey, amino 
acids belonging to the putative cation binding site retrieved from the conserved domains search. 
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     1   M  E  E  A  L  L  S  E  K  E  E  W  K  R  L  G  R  W  D  L  
     1  ATGGAAGAGGCACTGTTATCTGAGAAAGAAGAGTGGAAAAGGTTAGGAAGATGGGATTTG 
 
    21   L  V  E  E  L  K  K  V  S  Y  I  A  L  P  T  V  M  V  T  V  
    61  TTGGTGGAAGAATTGAAGAAGGTTAGCTACATAGCTTTACCAACGGTAATGGTGACTGTA 
 
    41   S  Q  H  L  T  R  V  F  S  M  M  M  V  G  H  L  G  E  L  T  
   121  TCTCAGCATCTCACTAGGGTTTTTTCAATGATGATGGTTGGGCATCTTGGTGAACTTACA 
 
    61   L  S  G  T  A  I  A  T  S  L  T  N  V  T  G  F  S  L  L  F  
   181  CTTTCTGGCACTGCAATTGCAACTTCTCTTACTAATGTCACTGGCTTCAGTCTCCTTTTT 
 
    81   G  M  A  S  A  L  E  T  L  C  G  Q  A  Y  G  A  G  K  Q  D  
   241  GGGATGGCTAGTGCATTGGAAACTCTTTGTGGGCAAGCTTATGGAGCAGGAAAACAAGAC 
 
   101   K  L  G  V  Y  T  F  G  A  V  I  S  L  L  M  V  C  I  P  I  
   301  AAGCTAGGAGTTTATACTTTTGGTGCTGTTATATCACTTCTTATGGTCTGTATTCCCATA 
 
   121   S  F  L  W  I  F  M  D  K  L  L  I  L  I  G  Q  D  P  L  I  
   361  TCTTTTCTATGGATCTTCATGGACAAATTACTTATACTCATCGGTCAAGATCCTCTAATT 
 
   141   S  V  V  A  G  N  Y  A  V  W  L  I  S  T  L  F  P  Y  A  I  
   421  TCAGTAGTGGCTGGCAATTATGCAGTATGGCTAATTTCTACATTATTCCCTTACGCTATC 
 
   161   L  Q  A  L  M  R  Y  L  Q  T  Q  S  L  V  M  P  M  L  I  S  
   481  CTTCAAGCGCTGATGCGCTACTTGCAGACTCAAAGTTTGGTCATGCCAATGCTCATAAGC 
 
   181   S  F  L  A  L  C  F  H  V  P  V  C  W  A  L  V  F  Y  L  K  
   541  TCATTTCTAGCTCTTTGTTTCCACGTACCTGTTTGTTGGGCTTTAGTATTTTATCTAAAG 
 
   201   L  G  N  S  G  A  A  M  A  I  G  L  S  Y  W  F  N  V  I  L  
   601  CTAGGAAATTCAGGGGCAGCCATGGCAATCGGGTTATCATACTGGTTCAATGTTATATTG 
 
   221   L  L  L  Y  V  N  Y  S  T  A  C  D  K  T  R  I  S  L  S  K  
   661  CTTCTTTTGTATGTTAACTATTCTACAGCTTGTGACAAAACTCGTATCTCTCTCTCAAAA 
 
   241   D  V  Y  P  S  M  R  E  F  F  I  F  A  V  P  S  A  V  M  V  
   721  GATGTTTATCCAAGTATGCGGGAGTTCTTCATATTCGCTGTCCCTTCTGCTGTCATGGTC 
 
   261   C  L  E  W  W  T  C  E  I  I  T  L  L  S  G  L  L  P  N  P  
   781  TGCCTTGAATGGTGGACATGTGAAATCATAACATTGCTTTCTGGATTGCTTCCAAATCCC 
 
   281   Q  L  E  T  S  V  L  S  V  C  L  L  I  A  S  L  H  Y  Y  I  
   841  CAACTCGAGACCTCAGTGTTATCAGTGTGCCTCTTGATTGCTTCATTACACTACTATATA 
 
   301   P  Y  S  I  S  A  A  A  S  T  R  V  S  N  E  L  G  A  G  N  
   901  CCATATTCTATTAGTGCTGCAGCAAGCACACGAGTTTCAAATGAACTTGGCGCTGGAAAC 
 
   321   P  N  A  A  Q  A  A  I  W  A  A  I  V  L  A  I  G  E  F  I  
   961  CCAAATGCAGCTCAAGCGGCTATCTGGGCAGCGATTGTTCTTGCAATCGGAGAATTCATT 
 
   341   I  A  T  T  T  L  L  V  C  R  N  I  L  G  Y  A  F  S  N  E  
  1021  ATTGCAACTACAACTCTACTTGTTTGCCGTAACATTTTGGGATACGCATTTAGTAATGAA 
 
   361   E  E  V  V  N  Y  L  K  E  L  S  P  L  L  S  L  L  L  I  M  
  1081  GAAGAAGTAGTGAATTATCTGAAAGAATTGAGTCCCCTGCTTTCCCTGTTGCTTATAATG 
 
   381   D  S  I  Q  A  V  L  S  G  V  A  R  G  S  G  W  Q  H  L  G  
  1141  GACAGCATTCAAGCAGTGCTTTCTGGAGTTGCCAGAGGAAGTGGATGGCAACATTTAGGT 
 
   401   A  Y  V  N  L  G  A  Y  Y  I  V  G  M  P  V  A  V  V  L  G  
  1201  GCATATGTTAATCTGGGAGCTTATTACATTGTTGGAATGCCTGTGGCTGTTGTTTTGGGA 
 
   421   F  V  C  H  L  G  G  K  G  L  W  L  G  L  N  A  G  S  T  V  
  1261  TTTGTTTGCCATTTAGGAGGAAAAGGGCTTTGGTTGGGATTGAATGCTGGATCAACTGTG 
 
   441   Q  C  F  L  L  A  A  I  T  C  F  T  N  W  E  K  Q  A  F  A  
  1321  CAGTGTTTTCTGCTTGCTGCTATAACTTGCTTTACAAATTGGGAAAAACAGGCATTTGCA 
 
   461   A  R  G  R  I  F  Q  N  H  D  P  I  E  K  -  
  1381  GCTAGAGGAAGGATATTTCAAAATCATGATCCCATTGAGAAATGA 
 
Fig. 47 – Full coding and protein sequences of the transporter MATE2 from C. roseus. In grey, amino 
acids belonging to the putative cation binding site retrieved from the conserved domains search. 
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     1   M  K  G  F  W  T  M  F  C  G  T  S  E  C  T  Q  S  Y  G  N  
     1  ATGAAGGGCTTCTGGACTATGTTTTGTGGAACATCTGAGTGTACACAGAGCTATGGGAAC 
 
    21   P  C  D  A  D  L  L  F  S  T  F  P  S  S  C  I  S  N  A  L  
    61  CCTTGTGATGCCGATTTACTGTTTTCGACATTCCCTTCATCGTGTATCAGTAATGCATTG 
 
    41   I  F  C  F  D  V  L  L  L  F  V  F  L  A  V  V  L  S  K  A  
   121  ATCTTTTGTTTTGATGTTTTGCTCTTGTTTGTGTTTCTAGCTGTTGTGCTCTCAAAAGCG 
 
    61   A  S  K  S  T  L  T  S  A  L  A  H  R  T  S  K  L  Q  W  I  
   181  GCATCAAAGTCCACTCTAACATCTGCTCTTGCTCATCGTACTTCTAAACTTCAATGGATT 
 
    81   S  A  I  F  N  G  V  L  G  V  L  Y  L  S  L  G  I  W  M  L  
   241  TCAGCCATATTTAATGGTGTTCTTGGAGTTCTATATCTGTCCTTGGGCATTTGGATGCTG 
 
   101   V  K  E  L  R  G  T  H  S  L  L  P  L  S  W  W  I  L  L  F  
   301  GTGAAGGAGTTGAGGGGAACTCACAGTTTATTGCCTTTAAGTTGGTGGATATTGTTGTTC 
 
   121   F  H  G  L  T  W  L  L  V  S  L  I  V  S  L  R  G  K  V  F  
   361  TTTCATGGGTTAACCTGGTTACTGGTGAGTTTAATTGTGAGCCTTAGAGGAAAGGTTTTT 
 
   141   S  K  G  P  L  R  L  L  S  I  L  A  F  L  F  A  G  I  T  C  
   421  TCAAAAGGCCCTTTAAGGCTCCTTTCTATTCTTGCCTTCTTGTTTGCTGGAATTACTTGT 
 
   161   G  L  S  I  V  T  A  I  V  N  K  E  V  Y  F  R  I  A  L  D  
   481  GGTTTGTCTATAGTTACAGCTATTGTCAATAAAGAGGTCTACTTTAGGATAGCATTAGAC 
 
   181   I  L  S  L  L  G  A  C  L  L  L  F  F  T  Y  K  N  H  G  D  
   541  ATACTATCTTTACTAGGTGCATGTTTGTTGTTGTTCTTTACTTACAAAAACCATGGAGAT 
 
   201   G  N  Q  S  D  L  Y  A  P  L  N  G  A  A  S  N  D  N  K  L  
   601  GGAAACCAAAGTGATCTTTATGCTCCCTTAAATGGTGCTGCCAGCAACGACAATAAGCTT 
 
   221   D  S  L  A  S  V  T  P  F  S  R  A  R  V  F  S  K  M  S  F  
   661  GATTCTCTTGCCTCTGTTACTCCATTTTCTAGAGCCAGAGTTTTTAGTAAAATGTCATTT 
 
   241   W  W  L  N  P  L  M  K  K  G  K  E  K  T  L  D  D  E  D  I  
   721  TGGTGGTTGAATCCTTTGATGAAAAAGGGAAAGGAGAAAACTCTGGATGATGAAGATATA 
 
   261   P  K  L  R  E  D  D  Q  A  E  S  C  Y  L  M  F  V  E  Q  F  
   781  CCCAAGTTGCGTGAGGATGACCAAGCAGAATCGTGCTATTTGATGTTTGTGGAGCAATTT 
 
   281   N  K  Q  K  Q  V  A  S  S  A  Q  P  S  V  L  K  T  I  V  L  
   841  AATAAACAGAAACAAGTTGCTTCCTCGGCCCAACCATCAGTTTTGAAGACGATTGTGCTA 
 
   301   C  H  W  K  D  I  F  L  S  G  F  F  A  L  L  K  I  I  T  L  
   901  TGCCACTGGAAAGATATTTTCTTGTCAGGTTTTTTTGCGCTGTTGAAGATAATTACTCTT 
 
   321   S  C  G  P  L  L  L  N  L  F  I  E  V  A  E  G  K  A  G  F  
   961  TCTTGTGGTCCTTTGCTACTTAACTTGTTCATTGAGGTTGCAGAAGGAAAAGCAGGCTTC 
 
   341   K  Y  E  G  Y  V  L  A  V  L  L  F  F  S  K  T  L  E  S  L  
  1021  AAATATGAAGGGTATGTTTTGGCAGTTCTGCTTTTCTTTTCAAAGACCTTGGAATCATTG 
 
   361   S  Q  R  Q  W  Y  F  R  C  R  L  I  G  L  K  V  R  S  L  L  
  1081  TCGCAACGACAATGGTACTTCAGGTGTAGACTGATTGGTTTGAAGGTGAGGTCCTTACTA 
 
   381   T  A  A  I  Y  K  K  Q  L  R  L  S  N  S  A  K  L  M  H  S  
  1141  ACAGCAGCCATTTATAAGAAGCAACTGAGATTGTCGAACTCCGCTAAGCTAATGCATTCA 
 
   401   S  G  E  I  M  N  Y  V  T  V  D  A  Y  R  I  G  E  F  P  Y  
  1201  AGTGGCGAGATAATGAATTATGTAACCGTGGATGCTTATCGAATTGGAGAATTTCCTTAT 
 
   421   W  F  H  Q  L  W  T  T  S  L  Q  L  C  F  A  L  A  I  L  F  
  1261  TGGTTTCATCAGTTATGGACCACTAGCCTTCAGCTGTGCTTTGCTCTTGCAATTCTTTTC 
 
   441   H  A  V  G  L  A  T  F  A  S  L  V  V  I  L  L  T  V  L  C  
  1321  CATGCAGTAGGGCTTGCTACTTTTGCATCCTTGGTAGTAATACTTTTAACTGTTCTTTGC 
 
   461   N  T  P  L  A  K  L  Q  H  K  F  Q  S  K  L  S  V  A  Q  D  
  1381  AATACTCCTCTTGCAAAACTACAGCACAAGTTCCAGTCCAAACTCAGTGTGGCACAAGAT 
 
   481   D  R  L  K  A  I  S  E  A  L  A  N  M  K  V  L  K  L  Y  A  
  1441  GACAGATTGAAAGCTATTTCTGAGGCTCTTGCAAATATGAAAGTTCTGAAACTCTATGCA 
 
   501   W  E  S  H  F  K  S  V  V  E  K  L  R  V  V  D  E  K  W  L  
  1501  TGGGAAAGCCATTTCAAATCCGTGGTTGAGAAATTAAGGGTTGTTGATGAAAAATGGTTA 
 
   521   S  A  V  Q  L  R  K  A  Y  N  S  F  L  F  W  S  S  P  V  L  
  1561  TCAGCTGTTCAGTTGCGTAAAGCATACAACAGCTTCCTTTTCTGGTCATCACCTGTGCTG 
 
Continues... 
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   541   V  S  A  A  T  F  G  A  C  Y  F  L  G  V  P  L  Y  A  S  N  
  1621  GTCTCTGCTGCTACTTTTGGGGCTTGCTATTTCCTTGGTGTTCCATTATATGCAAGCAAT 
 
   561   V  F  T  F  V  A  T  L  R  L  V  Q  D  P  I  R  T  I  P  D  
  1681  GTTTTCACCTTCGTAGCGACTTTGCGTCTAGTTCAAGATCCTATTAGAACAATTCCTGAT 
 
   581   V  I  G  V  V  I  Q  A  K  V  S  F  G  R  I  E  K  F  L  Q  
  1741  GTTATTGGTGTAGTCATTCAAGCTAAGGTTTCTTTTGGAAGGATAGAGAAGTTTCTTCAG 
 
   601   A  A  E  L  E  T  T  N  V  R  Q  K  Q  Y  S  P  S  A  S  P  
  1801  GCAGCTGAGCTGGAGACCACAAATGTGAGGCAGAAGCAGTATTCACCAAGTGCTAGTCCC 
 
   621   N  I  C  I  K  S  A  N  L  S  W  E  G  N  P  L  K  P  T  L  
  1861  AATATTTGTATCAAGTCTGCCAATCTTTCATGGGAAGGGAATCCACTTAAACCAACCCTC 
 
   641   R  N  I  N  L  E  V  R  P  G  E  K  V  A  I  C  G  E  V  G  
  1921  AGAAACATTAATTTGGAGGTTAGACCTGGAGAGAAGGTTGCTATATGTGGAGAGGTGGGC 
 
   661   S  G  K  S  T  L  L  A  A  I  L  G  E  V  P  V  V  Q  G  T  
  1981  TCTGGAAAGTCCACCCTTCTAGCAGCAATTCTTGGAGAGGTTCCAGTTGTCCAAGGAACT 
 
   681   V  S  V  Q  G  S  I  A  Y  V  S  Q  S  A  W  I  Q  T  G  S  
  2041  GTTAGTGTTCAGGGGAGTATTGCCTATGTGTCACAATCAGCATGGATTCAGACAGGAAGT 
 
   701   I  R  E  N  I  L  F  G  S  P  M  D  H  Q  R  Y  Q  E  T  L  
  2101  ATTCGAGAAAACATCCTATTTGGATCCCCCATGGATCACCAAAGATACCAGGAAACGTTA 
 
   721   E  K  C  S  L  V  K  D  L  E  L  L  P  Y  G  D  L  T  E  I  
  2161  GAAAAGTGCTCATTGGTAAAGGATCTTGAGTTGCTACCTTATGGTGATTTGACTGAGATA 
 
   741   G  E  R  G  V  N  L  S  G  G  Q  K  Q  R  I  Q  L  A  R  A  
  2221  GGTGAAAGAGGAGTTAATCTTAGTGGTGGGCAGAAACAACGGATTCAACTTGCTCGGGCT 
 
   761   L  Y  K  N  A  D  I  Y  L  L  D  D  P  F  S  A  V  D  A  H  
  2281  TTATACAAGAATGCTGATATATATCTCTTGGATGATCCCTTCAGTGCTGTTGATGCACAC 
 
   781   T  A  T  S  L  F  N  E  Y  V  M  G  A  L  S  G  K  T  V  L  
  2341  ACCGCCACAAGCTTATTCAATGAATATGTCATGGGAGCTCTCTCAGGGAAAACCGTCTTG 
 
   801   L  V  T  H  Q  V  D  F  L  P  A  F  D  C  V  L  F  M  L  D  
  2401  CTTGTAACCCATCAAGTAGACTTTCTTCCTGCTTTTGATTGTGTTCTGTTTATGTTAGAT 
 
   821   G  E  I  L  S  A  A  P  Y  N  Q  L  L  A  S  S  K  E  F  R  
  2461  GGTGAAATTTTGAGTGCTGCTCCTTATAATCAGTTACTTGCCTCCAGCAAGGAATTCCGG 
 
   841   N  L  V  D  A  H  K  E  T  A  G  S  R  R  L  P  E  A  T  S  
  2521  AACTTGGTTGATGCACACAAGGAGACTGCTGGTTCCAGGAGGCTCCCGGAGGCAACTTCC 
 
   861   Y  H  R  H  E  T  S  T  R  E  I  R  K  A  D  S  E  K  S  S  
  2581  TACCACAGGCACGAAACATCCACCAGAGAGATTCGGAAGGCAGATAGTGAGAAAAGTTCC 
 
   881   K  T  S  G  G  D  Q  L  I  K  Q  E  V  R  E  I  G  D  T  G  
  2641  AAGACATCAGGAGGTGATCAGTTGATTAAGCAAGAAGTGAGAGAAATTGGAGATACTGGC 
 
   901   F  R  P  Y  I  Q  Y  L  N  Q  N  K  G  F  L  I  F  F  L  A  
  2701  TTTAGACCTTACATACAGTATCTGAATCAAAACAAAGGCTTCTTGATATTTTTCTTGGCC 
 
   921   F  L  S  H  L  S  F  V  I  G  Q  I  L  Q  N  S  W  M  A  A  
  2761  TTTCTTTCGCACCTTTCATTTGTGATTGGCCAGATATTACAGAACTCCTGGATGGCTGCA 
 
   941   N  V  D  D  P  N  V  S  T  L  K  L  I  A  V  Y  L  V  I  G  
  2821  AATGTTGATGATCCTAATGTTAGCACTTTGAAGTTGATCGCAGTTTACTTGGTGATTGGC 
 
   961   F  I  S  T  F  F  L  L  S  R  S  L  S  T  V  F  L  G  L  R  
  2881  TTCATATCAACATTTTTCTTACTAAGTAGATCTTTGAGCACAGTCTTTTTGGGTCTGCGA 
 
   981   S  S  K  S  L  F  S  Q  L  L  S  S  L  F  R  A  P  M  S  F  
  2941  TCATCAAAGTCTTTATTTTCACAATTATTGAGCTCTCTTTTCCGTGCTCCCATGTCATTT 
 
  1001   Y  D  S  T  P  L  G  R  I  L  S  R  V  S  V  D  L  S  I  V  
  3001  TATGACTCTACACCTCTTGGAAGGATATTGAGCCGGGTCTCAGTAGACTTGAGTATTGTG 
 
  1021   D  L  D  I  P  F  S  L  V  F  A  V  G  A  T  T  N  F  Y  S  
  3061  GATCTTGACATTCCATTCAGCTTGGTTTTTGCTGTTGGAGCAACCACAAACTTTTACTCT 
 
  1041   N  L  S  V  L  A  V  V  T  W  Q  I  L  F  V  A  I  P  L  V  
  3121  AATCTCTCTGTGCTAGCTGTTGTAACCTGGCAAATTTTGTTTGTCGCTATTCCATTGGTA 
 
  1061   F  L  A  I  R  L  Q  K  Y  Y  F  S  S  A  K  E  L  M  R  I  
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  1081   N  G  T  T  K  S  L  V  A  N  H  L  A  E  S  L  A  G  A  I  
  3241  AATGGCACAACCAAATCTCTCGTGGCAAACCATCTGGCTGAATCTTTAGCAGGGGCCATT 
 
  1101   T  I  R  A  F  E  E  E  D  R  F  F  M  K  N  L  E  L  I  D  
  3301  ACAATCAGAGCTTTTGAAGAGGAAGACCGTTTCTTTATGAAGAACTTAGAACTTATTGAC 
 
  1121   T  N  A  S  P  F  F  H  N  F  A  A  N  E  W  L  I  L  R  L  
  3361  ACAAATGCCAGCCCTTTCTTTCACAATTTTGCAGCAAATGAATGGCTGATTCTACGGCTG 
 
  1141   E  I  L  S  A  T  V  L  A  S  S  A  L  C  M  V  L  L  P  P  
  3421  GAAATACTTAGCGCCACAGTCCTTGCCTCCTCAGCACTATGCATGGTTTTACTTCCTCCT 
 
  1161   G  T  F  S  S  G  F  I  G  M  A  L  S  Y  G  L  S  L  N  M  
  3481  GGAACATTCAGCTCTGGATTTATTGGAATGGCTTTATCCTACGGACTTTCATTAAACATG 
 
  1181   S  L  V  F  S  I  Q  N  Q  C  T  L  A  N  Y  I  I  S  V  E  
  3541  TCCCTTGTGTTTTCCATCCAAAATCAGTGCACTCTGGCAAATTACATTATTTCAGTGGAG 
 
  1201   R  L  N  Q  Y  M  H  V  P  S  E  A  P  E  I  I  E  R  N  R  
  3601  AGGCTTAACCAATACATGCATGTACCAAGTGAAGCGCCTGAAATAATAGAAAGAAATCGG 
 
  1221   P  P  V  A  W  P  G  V  G  R  V  D  I  Q  D  L  K  I  K  Y  
  3661  CCCCCAGTCGCTTGGCCAGGTGTGGGAAGAGTGGACATTCAAGATTTGAAGATCAAGTAT 
 
  1241   R  D  D  A  P  P  V  L  R  G  I  S  C  T  F  E  G  G  D  K  
  3721  AGGGATGATGCGCCTCCCGTTCTTCGTGGGATCAGTTGTACATTTGAAGGAGGAGACAAA 
 
  1261   I  G  I  V  G  R  T  G  S  G  K  T  T  L  I  S  A  L  F  R  
  3781  ATTGGCATTGTTGGAAGGACTGGTAGTGGGAAGACCACTCTCATCAGTGCTCTCTTTCGT 
 
  1281   L  V  E  P  A  G  G  R  I  L  V  D  G  I  D  I  T  T  I  G  
  3841  CTGGTGGAGCCTGCTGGTGGAAGAATTTTAGTAGATGGAATCGACATAACTACAATTGGA 
 
  1301   L  H  D  L  R  S  R  F  G  V  I  P  Q  D  P  T  L  F  N  G  
  3901  CTTCATGATTTGAGATCTCGTTTTGGTGTTATACCACAGGATCCGACCCTTTTCAATGGC 
 
  1321   T  V  R  Y  N  L  D  P  L  C  K  H  T  E  Q  E  I  W  E  V  
  3961  ACTGTGAGATACAACCTAGATCCCTTGTGTAAGCACACTGAACAGGAGATTTGGGAGGTT 
 
  1341   L  K  K  C  Q  L  R  E  A  V  Q  E  K  G  G  L  D  S  L  V  
  4021  CTCAAGAAGTGTCAACTTAGAGAGGCAGTTCAGGAGAAAGGTGGCTTAGATTCATTGGTT 
 
  1361   V  E  D  G  S  N  W  S  M  G  Q  R  Q  L  F  C  L  G  R  A  
  4081  GTGGAAGATGGATCAAACTGGAGCATGGGGCAGCGACAATTGTTTTGCCTAGGGCGTGCA 
 
  1381   L  L  R  R  S  R  I  L  V  L  D  E  A  T  A  S  I  D  N  A  
  4141  TTACTGAGAAGAAGCAGGATATTGGTTCTTGATGAAGCAACTGCATCAATTGACAACGCC 
 
  1401   T  D  M  I  L  Q  K  T  I  R  T  E  F  A  N  C  T  V  I  T  
  4201  ACTGATATGATTTTACAGAAAACTATTCGGACAGAATTTGCCAATTGTACAGTGATTACA 
 
  1421   V  A  H  R  I  P  T  V  M  D  C  T  K  V  L  A  I  S  D  G  
  4261  GTGGCCCATAGAATACCAACAGTCATGGATTGTACCAAGGTTCTAGCCATTAGTGACGGG 
 
  1441   K  L  V  E  Y  D  E  P  M  N  L  M  K  K  Q  G  S  L  F  G  
  4321  AAACTCGTGGAGTATGATGAACCGATGAATTTGATGAAAAAACAAGGTTCATTGTTCGGG 
 
  1461   Q  L  V  K  E  Y  W  S  H  S  Q  S  A  D  Y  S  Q  -  
  4381  CAACTTGTTAAAGAATATTGGTCTCATTCTCAATCAGCAGATTATTCGCAATGA 
 
Fig. 48 – Full coding and protein sequences of the transporter ABCC1 from C. roseus. In dark grey, the 
ABC membrane domains; in light grey, the ABCC-MRP domains; inside them, in blue, the Walker A 
domains; in green, the Walker B domains; underlined, the ABC signature motif. Domains retrieved from 
the conserved domains search. 
To investigate the topology of the C. roseus ABC and MATE transporter proteins under 
study, their putative secondary structures were analyzed with three different tools. For 
MATE1, the TopPred (von Heijne, 1992) tool predicted two different structures (Fig. 
49), one with 12 transmembrane domains (TM) and cytoplasmic N- and C-terminal 
tails, and the other one with one less TM and an extracellular N- terminus tail. The 
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SOSUI (Hirokawa et al., 1998) and the TOPCONS (Bernsel et al., 2009) calculated 
structures (Fig. 49) coincided with the first one. 
 
Fig. 49 – Secondary structures predicted for MATE1 by TopPred (A), TOPCONS (B) and SOSUI (C). In B, 
blue lines are extracellular domains; red lines, intracellular domains; grey blocks in/out helix; white blocks, 
out/in helix. In C, the intracellular/extracellular regions are above/below the green transmembrane 
domains, respectively. 
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For MATE2 the results were similar. TopPred predicted two different structures, one of 
which coincided with SOSUI and TOPCONS in predicting a structure with 12 TM and 
cytoplasmic N-  and C- terminal tails (Fig. 50). 
 
Fig. 50 – Secondary structures predicted for MATE2 by TopPred (A), TOPCONS (B) and SOSUI (C). In B, 
blue lines are extracellular domains; red lines, intracellular domains; grey blocks in/out helix; white blocks, 
out/in helix. In C, the intracellular/extracellular regions are above/below the green transmembrane 
domains, respectively. 
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For ABCC1, TopPred calculated four structures. In all of them the N-terminus tail is 
extracellular and is followed by a cluster of 5 TMs. This conformation is followed by 9, 
10 or 11 TMs, of which the 5 or 6 closer to the C- terminus appear to be grouped. The 
structure predicted by SOSUI is similar to the 4th TopPred topology, excepting that the 
TM at the C- terminus are grouped in a different way. The TOPCONS consensus 
structure exhibits, from N- to C- terminus, an extracellular tail, a cluster of 5 TM 
followed by 6 TM grouped in pairs, a long cytoplasmic region, 6 TM grouped in pairs 




Fig. 51 – Secondary structures predicted for ABCC1 by TopPred (A), TOPCONS (B) and SOSUI (C). In B, 
blue lines are extracellular domains; red lines, intracellular domains; grey blocks in/out helix; white blocks, 
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4. Subcellular localization of the C. roseus MATE1, MATE2 and 
ABCC1 transporters 
4.1. In silico prediction  
 
To have a notion about the subcellular localization of the ABCC and MATE transporters 
before the protoplasts transformation experiments, an in silico prediction using the 
TargetP 1.1 (Emanuelsson et al., 2000) and WoLFPSORT (Horton et al., 2007) tools 
was performed. The results of the analysis are shown in Table 16.  
 
Table 16. In silico subcellular localization analysis for the MATE1, MATE2 and ABCC1 
transporters from C. roseus. 
TargetP 1.1 
    
WoLFPSORT 
cTP mTP SP other Loc RC Plas. Vac. Golgi Chlor. Mito. Cytop. Nuc. 
MATE1 0.032 0.140 0.019 0.953 - 1 8.0 3.0 3.0 - - - - 
MATE2 0.093 0.174 0.014 0.928 - 2 5.0 1.0 - 3.5 2.5 2.0 2.0 
ABCC1 0.060 0.042 0.056 0.944 - 1 12.0 2.0 - - - - - 
 
cTP: Chloroplast transit peptide; mTP: Mitochondria targeting peptide; SP: Signal peptide; Loc: Location; 
RC: Reliability class; Plas: Plasma membrane; Vac: Vacuole; Chlor.: Chloroplasts; Mito: Mitochondria; 
Cytop: Cytoplasm; Nuc: Nucleus. 
 
TargetP 1.1 predicts the protein localization based on the presence of sorting signals in 
the sequences. The closer the value to 1, the higher the probability of the protein to be 
located in that compartment. The reliability class (RC), varying from 1 to 5, indicates 
the strength of the prediction, being 1 the safest. According to the TargetP 1.1 results 
(Table 16), the highest probability for the three transporter proteins is to be located in 
organelles other than the mitochondria, the chloroplasts or the compartments of the 
secretory pathway. 
 
WoLFPSORT predicts localization based not only in the presence of sorting signal 
motifs, but also in other parameters such as amino acid content. The higher the value 
of the result, the higher the likelihood of the protein to be located in that compartment. 
Using this tool, for the three transporter proteins, the probability of being localized in 
the plasma membrane was the highest. 
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4.2. Transient expression of GFP fusions in C. roseus 
mesophyll protoplasts 
 
The subcellular localization of the C. roseus MATE1 and MATE2 transporters was 
further investigated by transformation of C. roseus mesophyll protoplasts with the GFP-
MATE fusions generated by sub-cloning in pTH2 and pTH2-BN (Fig. 52). Since the 
subcellular sorting of membrane proteins is still poorly understood, and it is not 
possible to predict the region of the protein where the sorting information is located, the 
MATE transporters were sub-cloned to create both an N-terminus (pTH2) and a C-
terminus (pTH2-BN) fusion with GFP. This should increase the chances of preserving 
the correct recognition of the MATEs sorting information.       As control, the protoplasts 
were also transformed with empty pTH2, which encodes sGFP (Fig. 52), a cytosolic 
protein. Co-localization studies of the MATE fusions were performed with the 
constructs 35S::SPAtPrx34-CFP-MP-CTE AtPrx34, a vacuolar marker, and 
35S::SPAGP58-CFP-MP AGP58-GPI anchor, a plasma membrane marker (Fig. 52). 
 
 
Fig. 52 – Schematic representation of the constructs used to investigate the sub-cellular localization of 
MATE1 and MATE2. 35S, cauliflower mosaic virus strong promoter; SP, signal peptide; CTE, C-terminal 
extension; MP, mature protein; nos T, Agrobacterium tumefaciens nopaline synthase terminator; GPI 
anchor, Glycophosphatidylinositol anchor. The first construct corresponds to empty pTH2 and the second 
and third were generated using this plasmid; the fourth construct was generated in pTH2-BN, and the last 
two, corresponding to the markers for co-localization studies, in pMON 999. 
 
Observation of the C. roseus protoplasts at the confocal microscope 48h, 72h and 96h 
after the transformation, showed that a large proportion of the protoplasts was 
transformed and healthy. As expected, the fluorescence in the control transformation 
with sGFP appeared in the cytoplasm and the nucleoplasm (Fig. 53). 
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Fig. 53 – Transient expression of 35S::GFP in C. roseus mesophyll protoplasts observed under the 
confocal microscope. Left - GFP fluorescence; Middle –Chloroplasts autofluorescence; Right – merged 
images. Arrows are pointing to the nucleus of cells.  
 
When C. roseus mesophyll protoplasts were transformed with the GFP-MATE1 fusion, 
no differences were observed in the fluorescence pattern between the observations at 
48h or 72h after the transformation, as seen in Fig. 54 and 55. Only a few of the 
protoplasts for co-localization experiments were co-transformed with both marker and 
transporter constructs (Fig. 56), and after 72h of incubation most of them were dead.  
 
Fig. 54 – Transient expression of 35S::sGFP-MATE1 in C. roseus mesophyll protoplasts observed under 
the confocal microscope 48h after the transformation. Left - GFP fluorescence; Middle – Chloroplasts 
autofluorescence; Right – merged images.  
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Fig. 55 – Transient expression of 35S::sGFP-MATE1 in C. roseus mesophyll protoplasts observed under 
the confocal microscope 72h after transformation. Left - GFP fluorescence; Middle – Chloroplasts 
autofluorescence; Right – merged images.  
 
 
Fig. 56 – Transient co-expression of 35S::sGFP-MATE1 with a plasma membrane marker (A) or a 
vacuolar marker (B)  in C. roseus mesophyll protoplasts observed under the confocal microscope 48h after 
transformation. From left to right: GFP fluorescence; chloroplasts autofluorescence; subcellular marker 
fluorescence; merged images.  
 
In some protoplasts, the fluorescence pattern resembled that of compartments of the 
secretory pathway (Figs. 54A and 55A), but in others the sGFP-MATE1 fusion seemed 
to be localized in the plasma membrane (Figs 54B and 55B). With respect to the co-
transformations, there was not a clear co-localization of the sGFP-MATE1 fusion 
protein with the vacuolar marker; however, it seemed to co-localize with the plasma 
membrane marker, resembling what was found in some protoplasts transformed only 
with the sGFP-MATE1 construct. Overall, the transient expression of GFP-MATE1 
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fusions in C. roseus mesophyll protoplast suggested a plasma membrane localization 
for the MATE1 transporter. 
 
C. roseus mesophyll protoplasts were also transformed with the construct 35S::sGFP-
MATE2 with or without the subcellular markers referred above. As for MATE1, no 
differences were observed in the fluorescence pattern between the observations at 48h 
or 72h after the transformation (Fig. 57 and 58). However, in some protoplasts there 
were small regions, sometimes with a round shape, in which the fluorescent fusion 
appeared to be accumulated (arrows in Fig. 57 and 58).  
 
 
Fig. 57 – Transient expression of 35S::sGFP-MATE2 in C. roseus mesophyll protoplasts observed under 
the confocal microscope 48h after transformation. Left - GFP fluorescence; Middle – Chloroplasts 
autofluorescence; Right – merged images. Arrow is pointing to a fluorescence spot. 
 
 
Fig. 58 – Transient expression of 35S::sGFP-MATE2 in C. roseus mesophyll protoplasts observed under 
the confocal microscope 72h after transformation. Left - GFP fluorescence; Middle – Chloroplasts 
autofluorescence; Right – merged images. Arrow is pointing to a fluorescence spot.  
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Similar to what was observed in the transformations with the MATE1 construct, in some 
protoplasts the fluorescence appeared to be in the secretory pathway (Fig. 57), while in 
some others appeared to be in the plasma membrane (Fig. 58, lower images). 
However, unlike MATE1 fusions, a strong accumulation of fluorescence in small 
structures was almost always observed for MATE2 fusions. For unknown reasons, it 
was not possible to obtain co-transformation of MATE2 constructs with the plasma 
membrane marker, but the studies with the vacuolar marker were successful, as shown 
in Fig 59. The GFP-MATE2 pattern of fluorescence was similar to that observed for the 
protoplasts transformed only with that construct, and there was clearly not an 
overlapping with the vacuolar labeling, although there was possibly some overlapping 
with part of the secretory pathway labeling of the vacuolar marker (Fig 59). 
 
Fig. 59 – Transient co-expression of 35S::sGFP-MATE2 and the vacuolar marker in C. roseus mesophyll 
protoplasts observed under the confocal microscope 48h (A) or 72h (B) after transformation. From left to 
right: GFP fluorescence; chloroplasts autofluorescence; subcellular marker fluorescence; merged images.  
 
With the aim to verify that there were no differences between the results obtained with 
the N- and C- terminal fusions, protoplasts were also transformed with the MATE2-
sGFP construct. Co-transformations with the subcellular markers were also performed. 
The protoplasts were incubated for 96h, and observations were made at 48h, 72h and 
at the end of the incubation period. The cells were still healthy at the 4th day and all 
transformations were successful. 
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As seen in Fig. 60, there are no differences between the results obtained with the N- 
and the C- terminal fusions. However, at 96h a larger proportion of protoplasts showed 
a fluorescence pattern that seemed to be localized at the plasma membrane. 
 
 
Fig. 60 – Transient expression of 35S::MATE2-sGFP in C. roseus mesophyll protoplasts observed under 
the confocal microscope 48h (A), 72h (B) or 96h (C) after transformation. Left - GFP fluorescence; Middle 
– Red fluorescence showing chloroplast autofluorescence; Right – merged images.  
 
The co-transformation with vacuolar or plasma membrane markers yielded similar 
results. No co-localization of the GFP-fusion protein was observed with the vacuolar 
marker, but in some cases, and most frequently at 96h, MATE2-GFP co-localized with 
the plasma membrane marker. The results are shown in Fig. 61. 
 
Overall, as observed for MATE1, the transient expression of GFP-MATE2 fusions in C. 
roseus mesophyll protoplast suggested a plasma membrane localization for the 
MATE2 transporter.   
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Fig. 61 – Transient co-expression of 35S::MATE2-sGFP and the vacuolar (A, B) or the plasma membrane 
(C, D, E) markers in C. roseus mesophyll protoplasts. Observations were made under the confocal 
microscope 48h (A, C), 72h (B, D) or 96h (E) after transformation. From left to right: GFP fluorescence; 
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5. Optimization of conditions for quantitative expression profiling of 
the C. roseus ABCC1, MATE1 and MATE2 transporter genes 
 
With the aim to analyze the levels of expression of MATE1, MATE2 and ABCC1 by 
semi-quantitative PCR (semi-qPCR), several tests to optimize the conditions of the 
PCR reactions were performed. For comparison of the expression profile, other genes 
were also included in the analysis. The chosen genes belong to the early (STD, TDC) 
or late (DAT, D4H) steps of the biosynthetic pathway of the TIAs, and therefore serve 
as indication of the likelihood of the transporter genes to be involved in this pathway. 
The RPs9 gene is a widely used reference gene for qPCR in C. roseus (Sander, 2009; 
Suttipanta et al., 2011). 
 
The first step was to test the designed primer pairs (Table 6) by normal RT-PCR. The 
DNA template used was reverse transcribed RNA from young, fully expanded, leaves. 
To verify that cDNA from different sources had a similar concentration, the RPs9 primer 
pair was also tested with templates from seedlings and immature leaves. As shown in 
Fig. 62, all the primer sets amplified successfully the target DNA regardless of the 
annealing temperature. 
 
Fig. 62 – RT-PCR amplification of different C. roseus transcripts using primers designed for semi-q PCR. 
Reactions were performed at three different annealing temperatures. Unlike the other primers, RPs9 
primers were also tested with cDNA from RNA from seedlings (S) and immature (Y) leaves. This image 
contains non-contiguous lanes of the same gel. 
 
Despite the fact that RPs9 is a reference gene frequently used for C. roseus, it is not 
suitable for future expression analysis in idioblasts since, from results from our group, 
these cells do not express it (Carqueijeiro, 2013). For this reason, in the following 
experiments , the potential use  as a reference of several genes retrieved from the 
cDNA-AFLP analysis of idioblasts (Carqueijeiro, 2013) was investigated, including the 
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genes for the 40S ribosomal protein S28 (40RPs28), the 60S ribosomal protein L24 
(60RPL24), and the ADP-ribosylation factor 2 (ADP2). These genes were selected for 
having shown a similar expression level in roots, leaves, leaf protoplasts and idioblast 
protoplasts in the cDNA-AFLP screening. 
 
To eliminate unspecific amplifications during the PCRs, the Taq-type polymerase was 
replaced by a hot-start polymerase (Amplitaq Gold®, Applied Biosystems) and DMSO 
was added as enhancer. Since in some cases the best results were obtained at 54ºC 
of annealing, and in others at 56ºC, the reactions were performed at 55ºC. The DNA 
was amplified during different number of cycles to establish the end of the exponential 
phase of the reaction. The results are shown in Fig. 63. 
 
Fig. 63 – Optimization of the conditions for semi-q PCR. The DNA was amplified during different number of 
cycles. This image contains non-contiguous lanes of the same gel. 
 
As 40 cycles seemed to be beyond the exponential phase of the reaction for some 
genes, and 27 cycles were not enough to obtain a detectable amount of DNA for 
others, a narrower range of number of cycles was tested. To improve the reaction 
efficiency without affecting the selectivity, the reactions were set with a lower Mg2+ 
concentration and a higher concentration of primers, as described in the Materials and 
Methods section. Since it was possible that the Ta were too high for AmpliTaq Gold 
polymerase to efficiently amplify the DNA, compared with DreamTaq, the annealing 
was performed at 52ºC. In this test, a preliminary comparison of the levels of 
expression of the genes in mature leaf protoplasts and immature leaves was made. 
The results are shown in Fig. 64 and since the behavior of the putative reference genes 
was not similar between mature leaf protoplasts and immature leaves, no conclusions 
could be drawn for the other genes, including the transporter genes. 
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Fig. 64 – Semi-qPCR for expression analysis in mature leaf protoplasts and immature leaves. The DNA 
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Discussion 
 
In this work, we have isolated, cloned and analyzed the subcellular localization of the 
C. roseus transporters ABCC1, MATE1 and MATE2. We have also performed analysis 
of the secondary structure of the proteins and searched for the presence of signatures 
and domains.  
 
1. The use of transcriptomic databases 
 
During the isolation of the full coding sequences of the transporters studied in this 
work, diverse bioinformatic tools showed to be of great utility. Through BLAST search 
in the MPGR, PhytMetaSyn and ORCAE databases it was possible to retrieve the 
desired sequences without the need to recur to relatively laborious and expensive 
laboratory procedures such as RACE (Frohman et al., 1988) or Genome Walking 
(Siebert et al., 1995). However, the obtained information can only be taken as a guide 
and not as the definitive sequence, since it is likely that errors were generated in the 
contigs construction, the way the transcriptomes are built, or in the sequencing itself 
due to the high volume of treated material. The evidence of this is that the three 
transporter sequences under study in this work were slightly different between each 
database (Fig. 10, 11 and 31), and that the translation of some of them resulted in 
incomplete proteins. Other explanations for the discrepancies observed may be the 
existence of allele polymorphisms or the existence of paralogs with high similarity but 
with slightly different characteristics, as shown for the Arabidopsis calcineurin B-like 
proteins (CBL) with up to 92% of protein identity (Kolukisaoglu et al., 2004). Since the 
transcripts shown in the databases are the longest representative isoform of a cluster 
(Góngora-Castillo et al., 2012; Xiao et al., 2013), it is possible that similar sequences 
are lost in the process. In the case of MATE2, the protein that showed the highest 
divergence with the retrieved sequence from the MPGR database, the confirmation of 
our sequencing results by its alignment with homologous proteins is reinforced by the 
presence of two conserved amino acids belonging to the cation binding site in the 
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2. Isolation and cloning of the C. roseus ABCC1, MATE1 and 
MATE2 transporter genes 
 
The polymerase chain reaction (PCR) is a powerful tool to investigate the mechanisms 
underlying life. However, its optimization requires the adjustment of a variety of 
parameters. For reverse transcription (RT) -PCR approaches, the template cDNA not 
only has to be of high quality, i.e. pure and non-degraded, but the primers used for the 
reverse transcription (RT) can have a dramatic effect on the outcome. Surprisingly, the 
RT of MATE2 with oligo(dT) yielded better results than with the gene specific primers 
(GSP) (Fig. 12 and 13). A possible explanation for this is that, under the reaction 
conditions, the oligo(dT) hybridize with the RNA better than the GSP, reverse 
transcribing a higher number of copies of the transcript. Another surprising result with 
respect to MATE2 was its poor amplification when the source of template was leaf 
protoplasts. This RNA is generally more concentrated and pure than RNA extracted 
from leaves, which improves the quality of the product of subsequent reactions. It is 
likely that the digestion of the cell wall used for the release of the protoplasts had 
caused alterations to their expression pattern, which led to a reduction in the available 
amount of transcripts of MATE2. A comparison between the band intensity of MATE2 
amplified through conventional PCR with 50 cycles or touchdown-PCR (Fig. 12 and 13) 
reveals that the latter had a better performance than the first since it clearly amplified a 
higher amount of copies of the template, when obtained from leaf protoplasts. In the 
reactions performed with cDNA reverse transcribed from leaf RNA there is no 
remarkable difference since both reactions had reached the plateau phase. A similar 
observation can be made with respect to the reactions performed for sub-cloning into 
the plant expression vectors, where the band of MATE2 for cloning into pTH2-BN was 
obtained with a touchdown program and not with a conventional one (Fig. 23 and 24). 
 
In contrast to MATE2, MATE1 was amplified only after two rounds of PCR in a hemi-
nested reaction, which is an indication of the low abundance of this transcript. 
Moreover, several parameters had to be optimized before getting any result. The most 
remarkable effect was observed when the number of cycles in the first round was 
reduced from 40 to 25; in this way, the first reaction generated a number of copies of 
the desired DNA that were enough to be preferentially amplified in the second round, 
but, at the same time, the appearance of unspecific amplicons that could compete with 
the product of interest was minimized. Contrary to what common sense might indicate, 
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the improvement of the performance of PCR reactions sometimes involves limiting the 
concentration of the reactants and not increasing it, as the reduction in template and 
dNTPs added demonstrated during the amplification of MATE1 (Fig. 18 and 19). The 
rational is to provide only the necessary amount of reactants to amplify the DNA of 
interest, since their excess could mean the availability of material to amplify unspecific 
products. In fact, it is known that too much nucleotides increase the error rate of the 
polymerase and also chelates Mg2+, with detrimental effects in the quality of the PCRs. 
(Aoyagi, 2002).  
 
Despite that the ABCC1 transcript was abundant in leaf protoplasts (Fig. 34) the 
amplification of the full coding sequence was possible uniquely under highly optimized 
conditions. The success of the reaction was highly dependent on the polymerase: for 
the OE-PCR fragments amplification, DreamTaq had a noticeable higher performance 
than Pfu (Fig. 35), and the entire sequence was obtained only with ExactRun DNA 
polymerase (Fig 36 to 38). It is likely that, because of its size, the DNA of ABCC1 forms 
secondary structures that interfere with its own amplification, needing additives to 
break such structures and demanding the use of high performance enzymes. However, 
even under the optimal conditions, the band of ABCC1 did not reach the intensity 
observed for its OE-PCR fragments (Fig. 34 and 38). It would be interesting to evaluate 
the effect of ethylene glycol and 1,2-propanediol, two organic solvents recently 
reported to be more effective than betaine in the amplification of some human DNA 
sequences (Zhang et al., 2009). OE-PCR is a routine technique, widely used for site-
directed mutagenesis experiments and for the construction of hybrid genes (Nelson & 
Fitch, 2011). As any other technique, OE-PCR is not exempt from inconveniences; for 
instance, it is not guaranteed that the designed oligonucleotides will amplify 
successfully the desired gene, and it is possible that from the mixture of primers and 
templates (that act as primers of each other) the shorter products are preferably 
amplified, therefore inhibiting full-length product formation (Young & Dong, 2004). The 
problems found when amplifying ABCC1 coding sequence through OE-PCR could be 
related with these limitations. 
 
Cloning into E. coli was a delicate process in which several parameters were critical for 
success; namely, the competent cells strain and its suitability only when freshly made, 
and the purity of the ligated DNA. DH5α is a routine E. coli strain suitable for most 
applications but, in our case, it was appropriate only for primary cloning of MATE2. The 
same could be stated about XL1-Blue competent cells with respect to the primary 
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cloning of MATE1, and the SURE cells did not work in any of the experiments where 
they were tested. Unlike these strains, TOP10 competent cells worked well in all the 
experiments. The disparity in the transformation efficiency probably relies on the 
genotypes of the different cells. Contrary to SURE, XL1-Blue and DH5α, the galE gene 
is mutated in the TOP10 strain, resulting in shorter chains of lipopolysaccharides (LPS) 
on the cell surface. These shorter chains are thought to be the reason for the greater 
transformation efficiencies that can be reached with TOP10 cells, and other cells with 
this genotype, since long LPS chains may block the entrance sites of the pDNA  (van 
Die et al., 1984). The higher transformation efficiency of the TOP10 cells with respect 
to the other strains was noticeable only when freshly prepared, since they were not 
suitable for our transformations after ~2 months of storage at -80ºC anymore. Other 
procedures used to improve transformation efficiency were ligase inactivation and 
purification of the ligated DNA before transformation, which are procedures that are 
known since long ago to increase transformation efficiency (Kobori & Nojima, 1993; 
Michelsen, 1995). In a first approach, it was hypothesized that the difficulties in cloning 
the genes were due to toxicity related to “leaky” expression of the transporters, or to 
the formation of secondary structures recognized by the bacteria as foreign, leading to 
their degradation. The XL1-Blue and the SURE competent cells were chosen because 
their genotypes made them suitable for leading with those difficulties, respectively. 
However, it was not possible to achieve transformation for none of them, but rather for 
TOP10, showing that the transformation difficulties  were related specifically with the 
transformation process, since this is the advantage of the TOP10 cells. 
 
Surprisingly, the sub-cloned ABCC1 and the modificated pTH2 suffered recombination 
events despite that TOP10 cells are recA-, which means that they lack an essential 
component of the recombination machinery. On the one hand, the insertion of 8 
nucleotides in pTH2 (Fig. 30) did not constitute a problem since it was located between 
the restriction sites used for the cloning of ABCC1, and therefore was excised during 
the cloning. On the other hand, the insertion of approximately 100 bp in the ABCC1 
sequence cloned into the plant and yeast expression vectors (Fig. 45) altered the open 
reading frame, completely changing the protein sequence. This phenomenon could be 
the result of recA -independent recombination, which implies that the constructs have 
elements such as repeats or insertion sequences that are recognized by the bacteria 
as recombination sites (Oliveira et al., 2009). To overcome this obstacle it would have 
been desirable to perform the cloning into an E. coli strain suitable for that type of 
elements that also had high transformation efficiency. 
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3. Secondary structure, signatures and domains of the C. roseus 
ABCC1, MATE1 and MATE2 transporter genes 
 
The topology of the MATE family proteins is characterized by 400 – 700 amino acid 
residues arranged in 12 transmembrane helices (Omote et al., 2006). The three tools 
used for the calculation of the secondary structure of the cloned MATE1 and MATE2 C. 
roseus transporters coincided with the expected pattern for MATEs (Fig. 49 and 50). 
The differences observed with respect to the size of each of the loops and 
transmembrane regions rely on the fact that TOPCONS, TopPred II and SOSUI use 
different algorithms for the calculations. The MATE proteins are a relatively new field of 
research, and only very recently studies on their domains and mechanism of transport 
had been reported. First, the cation binding site of NorM-VC was elucidated (He et al., 
2010) and lately, besides that domain, the structure of the substrate binding site of 
NorM-NG was reported (Lu et al., 2013). Further studies over a broader range of MATE 
transporters will allow a deeper analysis on the topology of these proteins.  
 
For the C. roseus ABCC1 transporter, the differences between the structures 
calculated by TOPCONS, TopPred and SOSUI are more remarkable (Fig. 51). The 
only structure that coincides with the expected topology for a member of the ABCC 
subfamily, and with the prediction of the signatures and domains (Fig. 48), is the one 
calculated by TOPCONS. The topology of this protein, from N- to C- terminus, consists 
of an extracellular tail followed by 5 TMD, a linker, and then the structure common to all 
full-size ABC transporters in the “forward” direction: 6 transmembrane domains (TMD), 
a nucleotide binding site (NBD), 6 TMD, and the second NBD. The identified Walker A 
and Walker B boxes are common to all NTP binding proteins, such as kinases, and are 
essential components of the NBD site, whereas the ABC signature motif between them 
is an exclusive marker of ABC transporters (Theodoulou, 2000).  
 
4. Subcellular localization of the C. roseus ABCC1, MATE1 and 
MATE2 transporter proteins 
 
A first approach to the analysis of the subcellular localization of the ABC and MATE 
transporter genes was performed in silico. None of the protein sequences contained 
sorting signals for the chloroplasts, for the mitochondria or for the secretory pathway, 
as the TargetP 1.1 results showed (Table 16); moreover, WoLFPSORT confirmed 
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these results and predicts the same location for the three transporter proteins, the 
plasma membrane.  
 
Regarding the subcellular localization experiments through transient expression in C. 
roseus mesophyll protoplasts, the pattern of fluorescence in those transformed with 
MATE1-GFP fusions pointed to two probable locations for the fusion protein: either the 
plasma membrane or compartments of the secretory pathway, this latter possibly 
corresponding to transit to the final plasma membrane location. Co-transformation with 
vacuolar and plasma membrane markers further supported a possible plasma 
membrane localization. Altogether, these results indicated that at the end of 72 h of 
incubation, not all of the fusion protein was already in its apparent final destination, the 
plasma membrane, but part of it was still in traffic in compartments of the secretory 
pathway. A similar pattern was observed when the protoplasts were transformed either 
with the N- or the C- terminal fusions of MATE2 with GFP. In this case, small bright 
spots were often seen (Fig. 57 and 58) that may correspond to intermediate 
compartments involved in the protein trafficking pathway. Noteworthy, in the 
protoplasts transformed with sGFP-MATE2, observed at the end of 96 h of incubation, 
the fusion protein seemed to be localized in the plasma membrane of a larger 
proportion of them, when compared to those observed at 48 h and 72 h after the 
transformation, clearly supporting a plasma membrane localization for MATE2. 
 
In face of the results obtained, it is not likely that MATE1 or MATE2 are the 
transporters involved in the observed proton antiport mechanism described for the 
accumulation of TIAs in the mesophyll vacuoles of C. roseus (Carqueijeiro et al., 2013). 
However, it is still possible that they may be involved in one of the plasma membrane 
transport events of TIA intermediates predicted for this complex pathway involving 
several cell types. 
 
Due to the insertion that appeared in the sub-cloned ABCC1 sequence, it was not 
possible to investigate its subcellular localization through transient expression, as 
performed for the MATE transporters. However, previous results allow some 
speculation on this issue. On the one hand, the bioinformatic analysis with 
WoLFPSORT concluded that the most likely location for ABCC1 was the plasma 
membrane (Table 16). On the other hand, experimental evidence suggests that the 
most probable membrane for localization of the ABCC1 transporter is the tonoplast, 
since proteomic analysis of isolated mesophyll vacuoles and tonoplast vesicles 
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detected the presence of ABCC1 in this fractions (Carqueijeiro, 2013). Moreover, most 
plant ABCC proteins already characterized were localized in the vacuolar membrane 
and, to date, ABCCs have been the only full-size ABC proteins found in the tonoplast 
(Kang et al., 2011). Considering that the available amount of information regarding 
ABC plant transporters is still scarce, the bases for in silico predictions on their 
localization could lack sufficient strength to give a precise result, and therefore the 
experimental evidence is definitively the most reliable source of information in this 
respect.  
 
Since the ABCC1 transporter was also detected in the cDNA-AFLP screening of 
mesophyll idioblasts as having an increased expression level in these cells 
(Carqueijeiro, 2013), it may be hypothesized that it may be involved in the vacuolar 
sequestration of TIAs in idioblasts, constituting an alternative mechanism to the 
characterized vacuolar proton/TIA antiport system (Carqueijeiro et al., 2013). 
 
5. Optimization of conditions for expression profiling of the C. 
roseus ABCC1, MATE1 and MATE2 transporter genes 
 
For the optimization of the PCR conditions to analyze the expression levels of the 
transporter genes, and of genes belonging to the early and late steps of the 
biosynthetic pathway of the TIAs, several parameters were tested. The variations in the 
number of cycles allowed determining an appropriate interval for the amplification of 
the 11 genes tested, between 33 and 37 cycles (Fig. 64). The differences in the band 
intensities between the products amplified with DreamTaq (Fig. 62) and those amplified 
with AmpliTaq Gold (Fig 63 and 64), suggest that are still necessary adjustments to the 
conditions of the reactions performed with the second enzyme. No remarkable 
differences were observed in the gene expression between leaf protoplasts and 
immature leaves (Fig. 64). However, an interesting result was obtained for ABCC1 
during cloning, where its expression was clearly stronger in leaf protoplasts from 
mature plants than in leaves from mature plants (Fig. 34), indicating that its expression 
was induced by protoplast isolation, possibly as a stress response. On the other hand, 
expression was much higher in protoplasts from mature plants leaves than in 
protoplasts from seedlings (Fig. 34), and the ABCC1 transcripts seemed to be 
completely absent from protoplasts of young plants leaves, suggesting developmental 
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Conclusions and future perspectives 
 
Here, we have isolated, cloned and analyzed the subcellular localization of one ABCC 
and two MATE transporters potentially involved in TIAs transport in C. roseus 
generating invaluable tools for the future functional analysis of these genes. 
Additionally, we have searched for domains and signatures characteristic of each 
family of proteins, and have predicted their topology through in silico analysis. 
 
MATE1 and MATE2 are membrane proteins members of the “multidrug and toxic 
compound extrusion” family of transporters, constituted by 12 transmembrane 
domains, likely located in the plasma membrane and potentially involved in TIA 
transport, due to their high homology with the nicotine vacuolar transporter Nt-JAT1. 
ABCC1 is an ATP-binding cassette transporter that has the characteristic topology of 
the ABCC subfamily: 5 transmembrane spans that correspond to the transmembrane 
domain (TMD) 0, two TMD each constituted by 6 transmembrane spans and two 
nucleotide binding domains (NBD); its probable localization, based on previous 
proteomic studies performed in our lab is the tonoplast (Carqueijeiro, 2013). ABCC1 is 
also possibly involved in TIA transport, since it presents higher expression in TIA 
accumulating idioblasts (Carqueijeiro, 2013). 
 
With respect to the expression profiling of the transporter genes, the conditions of the 
PCR reactions for this purpose need further optimization, and the results of the 
preliminary comparison between the expression levels in immature leaf and protoplasts 
were not conclusive. Future experiments in this regard will provide part of the evidence 
about whether ABCC1, MATE1 and MATE2 are involved in the TIAs biosynthetic 
pathway or not, by comparison with other genes known to be involved in the TIA 
pathway and with their tissue/cell specific expression. 
 
The cloning of MATE1 and MATE2 into the yeast expression vectors pUG23 and 
pUG34, performed in this work, is the first step in the future characterization of the 
transport properties of these proteins. The elucidation of their subcellular localization in 
yeast, together with their functional characterization concerning kinetic, substrates and 
inhibitors transport properties, upon expression in a yeast strain lacking the major yeast 
ABC transporters, will give an overview of their function in C.roseus. Sub-cloning into 
the plant expression vectors pTH2 and pTH2-BN, and into the yeast vectors already 
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mentioned, is a task to be developed for ABCC1 that will enlighten us about its 
physiological role. Additional subcellular localization experiments in C. roseus 
mesophyll protoplasts, to look for co-localization with markers for different 
compartments, will provide additional evidence to confirm the predicted results. 
 
Finally, the functional characterization of the ABCC1, MATE1 and MATE2 transporter 
genes may be completed using two invaluable tools, yet to be explored: their 
overexpression in cell cultures and whole plants of C. roseus, and the use of virus-
induced gene silencing (VIGS) to down-regulate their expression. Through the 
mentioned technologies, it will be possible to investigate the impact of the transporter 
proteins herein studied in the production or accumulation/extrusion of TIAs in planta. In 
the case it is proven that any of the ABCC1, MATE1 or MATE2 transporter genes 
studied here is involved in TIA fluxes, this will constitute an important tool for the future 
implementation of genetic manipulation strategies to improve the yield of the anticancer 
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Appendix 1. Modified Hanahan’s protocol for the preparation of E. 
coli DH5α and XL1-Blue chemically competent cells  
 
Procedure 
- Inoculate a single colony from a Luria-Bertani (LB) (DifcoTM) with agar (1.5% (w/v), 
Liofilchem) plate in 25 mL of LB medium.  Incubate overnight at 37°C with vigorous 
shaking (200 rpm). 
 
- Dilute the incubated culture in 225 mL (~1:100) of LB medium supplemented with 
10 mM of MgCl2 and 10 mM of MgSO4. Incubate at 37°C with vigorous shaking 
until the culture reaches an A600nm ≈ 0.6.  
 
- Incubate the cells for 10 min on ice. Centrifuge at 3000 rpm for 5 min at 4ºC to 
pellet the cells. 
 
- Pour off supernatant. Remove the remaining supernatant by pipetting without 
disturbing the pellet. Resuspend the pelleted cells in 100 mL of chilled RF1.  
 
- Incubate the resuspended cells for 15 min on ice. Centrifuge at 3000 rpm for 5 min 
at 4ºC. 
 
- Discard supernatant as described before. Resuspend the pelleted cells in 16 mL of 
chilled RF2. 
 
- Incubate on ice for 45 min to 1 h. Prepare 50 or 100 µL aliquots into prechilled 1.5 
mL eppendorf tubes. Flash freeze the tubes in liquid N2 and store at -80°C.   
 
Solutions 
RF1      
Composition    per 250mL 
30 mM potassium acetate  0.74 g 
10 mM CaCl2    0.37 g 
50 mM MnCl2    2.47 g 
100 mM RbCl    3.02 g 
15% (v/v) glycerol   37.5 mL 
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RF2      
Composition     per 100 mL 
10 mM MOPS    0.335 g 
75 mM CaCl2    3.75 mL of a 2 M stock solution 
10 mM RbCl    0.12 g 
15% (v/v) glycerol   15 mL 
Adjust pH to 8.0 with 1M NaOH. Filter-sterilize (0.2 µm). 
 
LB medium   
Composition     per 1 L 
1% (w/v) tryptone   10 g 
1% (w/v) NaCl   10 g 
0.5% (w/v) yeast extract  5 g 
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Appendix 2. Modified Hanahan’s protocol for the preparation of E. 
coli TOP10 and SURE chemically competent cells. 
 
Procedure 
- Inoculate a single colony from a LB plate in 25 mL of LB medium. Incubate 
overnight at 37°C with vigorous shaking (200 rpm). 
 
- Dilute the incubated culture in 225 mL (~1:100) of LB medium supplemented with 
10 mM of MgCl2 and 10 mM of MgSO4. Incubate at 37°C with vigorous shaking 
until the culture reaches an A600nm ≈ 0.5.  
 
- Incubate the cells for 10 min on ice. Centrifuge at 5000 rpm for 10 min at 4ºC to 
pellet the cells. 
 
- Pour off supernatant. Remove the remaining supernatant by pipetting without 
disturbing the pellet. Resuspend the pelleted cells in 80 mL of chilled CCMB80 
buffer.  
 
- Incubate the resuspended cells for 20 min on ice. Centrifuge at 5000 rpm for 10 
min at 4ºC. 
 
- Discard supernatant as described before. Resuspend the pelleted cells in 10 mL of 
chilled CCMB80 buffer. 
 
- Test OD of a mixture of 200 µl SOC and 50 µl of the resuspended cells. Add ice 
cold CCMB80 buffer to the whole suspension to yield a final OD of 1.0-1.5 in this 
test. 
 
- Incubate on ice for 45 min to 1 h. Prepare 50 or 100 µL aliquots into prechilled 1.5 




Composition     per 1 L 
10 mM potassium acetate   10 mL of a 1 M stock solution 
80 mM CaCl2.2H2O     11.8 g 
20 mM MnCl2.4H2O     4.0 g 
10 mM MgCl2.6H2O     2.0 g 
10% (v/v) glycerol     100 mL 
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Appendix 3. Results of the BLAST search for the retrieval of the full 
coding sequences of the transporter genes. 
 
ABCC1 
Tag and MPGR best hit alignment 
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Alignment between the proteins translated from the nucleotide sequences retrieved 
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MATE1 
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Alignment of the retrieved nucleotide sequences 
 
MATE2 
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Alignment of the retrieved nucleotide sequences 
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 Alignment between the transcript sequences retrieved from MPGR and PhytoMetaSyn 
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Appendix 4. Alignments between MATE1 and MATE2 coding 
sequences and the sequencing results of the DNA sub-cloned into 
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Into pTH2-BN 
 
 
